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Gravita1onal	
  Waves	
  
– Distor1ons	
  of	
  Space	
  and	
  Time	
  that	
  propagate	
  at	
  the	
  
speed	
  of	
  light!	
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Gravita1onal	
  Waves	
  

•  Predicted	
  by	
  Einstein	
  more	
  than	
  90	
  years	
  ago	
  

•  No	
  direct	
  detec1on	
  yet	
  

•  Indirect	
  proof	
  of	
  existence	
  	
  

via	
  energy	
  loss	
  of	
  	
  

Binary	
  Pulsar	
  PSR1913+16	
  	
  

(Hulse-­‐Taylor)	
  	
  

	
  



The	
  Effect	
  is	
  small!	
  

⇒  1 km baseline changes by 1/1000 of a  Proton diameter    
     (10-18 m = 1 Attometer)! 

⇒  For a few milliseconds! 

•  Supernova	
  in	
  local	
  group	
  of	
  galaxies	
  
	
  ⇒	
  Squeezing	
  of	
  space	
  by	
  10-­‐21	
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•  Sensi3vity	
  1887:	
  
	
  Δℓ=	
  600	
  pm	
  
	
  	
  	
  	
  	
  	
  =0,	
  000	
  000	
  000	
  6	
  m	
  

•  Laserinterferometer	
  today:	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  0,	
  000	
  000	
  000	
  000	
  000	
  000	
  1	
  m/√Hz	
  

Original	
  Interferometer	
  of	
  	
  
Michelson	
  and	
  Morley	
  1887	
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-­‐  German-­‐Bri1sh	
  collabora1on,	
  loca1on	
  
Hannover	
  /	
  Germany	
  

-­‐  Michelson	
  Interferometer	
  with	
  power	
  
and	
  signal	
  recycling	
  	
  	
  
	
  

U Birmingham 
U Mallorca 

Glasgow 

GEO600	





LIGO 

Virgo 

LIGO 

3 km 

80m / 5 km 

Source: A. Lazzarini, modified 

World-­‐Wide	
  Laser	
  Interferometric	
  
Gravita1onal	
  Wave	
  Detector	
  Network	
  

GEO600 

(construction) 
KAGRA 

(future) 
LIGO – India ? 



Largest Dedicated Computer 
Cluster in the World for GW 

Data Analysis at AEI	



LIGO Hanford (USA) 

GEO600 operated  
by AEI  

LIGO Livingston (USA) 

VIRGO (Pisa) 



GEO600:	
  The	
  First	
  Gravita1onal	
  Wave	
  
Detector	
  using	
  Squeezed	
  Light!	
  



Squeezing	
  result	
  so	
  far:	
  3.4dB	
  
3-­‐1mes	
  increase	
  in	
  observable	
  volume!	
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  [Hz]	
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)]	
  

Preliminary,	
  Sept	
  2010	
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Astrowatch	
  for	
  GEO600	
  un1l	
  2016	
  

•  LIGO	
  and	
  Virgo	
  offline	
  for	
  upgrading	
  
•  Back	
  online	
  2016,	
  design	
  sensi1vity	
  2019	
  

•  GEO600	
  taking	
  data	
  24/7	
  while	
  others	
  are	
  down	
  	
  
•  Occasional	
  interrup1ons	
  for	
  commissioning	
  and	
  
upgrades	
  	
  

•  Will	
  con1nue	
  data	
  taking	
  un1l	
  Advanced	
  LIGO	
  
and	
  Advanced	
  Virgo	
  are	
  more	
  sensi1ve	
  in	
  
maybe	
  2017/8	
  

•  Then	
  upgrade	
  GEO600	
  beyond	
  GEO-­‐HF	
  



GEO600,	
  Virgo,	
  LIGO	
  Sensi1vi1es	
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GEO600	
  2013	
  

GEO600	
  2014	
  

GEO600	
  2012	
  

LIGO	
  

Virgo	
  



• High power lasers delivered to LIGO Livingston and 
LIGO Hanford	


Ø Third system in storage for LIGO India	


Ø 165 W output power 	


Ø more than 99% in fundamental Gaussian mode	


	



AEI Laser Systems for Advanced LIGO	



Installed Pre-Stabilized High Power Laser in the ���
Laser Area Enclosure of the ���

LIGO Livingston Gravitational Wave Observatory	



The LIGO Livingston Gravitational Wave Observatory	
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•  Overall	
  beam	
  tube	
  length	
  ~	
  30km	
  
•  Underground	
  loca1on	
  
•  Cryogenic	
  
•  Squeezing	
  	
  
•  LF	
  and	
  HF	
  Ifos	
  

The Third Generation: ���
The Einstein Gravitational Telescope ���

E.T.	





Conceptual	
  Design	
  Study	
  	
  
in	
  European	
  Union	
  FP7	
  Program	
  

•  AEI	
  Co-­‐PI	
  
•  Kick-­‐Off	
  May	
  2008 	
  	
  
•  Final	
  Presenta1on	
  
May	
  20,	
  2011	
  in	
  Cascina	
  



Ar1s1c/Schema1c	
  views	
  

ET	
  event	
  -­‐	
  May	
  2011	
   17	
  

hjp://www.et-­‐gw.eu/e1mages	
  



Einstein	
   18	
  

Laser	
  Interferometer	
  
Space	
  Antenna	
  

3	
  Satellites	
  
Million	
  km	
  arms	
  
50	
  Million	
  km	
  behind	
  Earth	
  



eLISA:	
  A	
  Mature	
  Concept	
  
• M3	
  proposal	
  for	
  4	
  S/C	
  ESA/NASA	
  
collabora1ve	
  mission	
  in	
  1993	
  	
  

•  LISA	
  selected	
  as	
  ESA	
  
Cornerstone	
  in	
  1995	
  

•  3	
  S/C	
  NASA/ESA	
  LISA	
  
appears	
  in	
  1997	
  

•  Joint	
  Mission	
  Formula1on	
  study	
  
un1l	
  2011	
  

•  Reformula1on	
  in	
  2012	
  as	
  	
  
ESA-­‐only	
  NGO	
  mission	
  concept	
  	
  
with	
  1	
  Mio	
  km	
  arms	
  



eLISA	
  for	
  Astrophysics,	
  Cosmology,	
  	
  
and	
  Fundamental	
  Physics	
  	
  

•  Massive	
  Black	
  Holes	
  (104	
  to	
  108	
  M☉)	
  	
  
–  When	
  did	
  the	
  first	
  Black	
  Holes	
  appear	
  	
  in	
  pre-­‐galac1c	
  halos	
  and	
  what	
  is	
  their	
  mass	
  and	
  spin?	
  
–  How	
  did	
  Black	
  Holes	
  form,	
  assemble	
  and	
  evolve	
  from	
  cosmic	
  dawn	
  to	
  present	
  1me,	
  due	
  to	
  accre1on	
  and	
  mergers?	
  
–  What	
  role	
  did	
  Black	
  Holes	
  play	
  in	
  re-­‐ionisa1on,	
  galaxy	
  evolu1on	
  and	
  structure	
  forma1on?	
  
–  What	
  is	
  the	
  precise	
  luminosity	
  distance	
  to	
  loud	
  standard	
  siren	
  black	
  hole	
  binaries?	
  
–  What	
  is	
  the	
  distance	
  –	
  redshio	
  rela1on	
  and	
  the	
  evolu1on	
  history	
  of	
  the	
  universe?	
  
–  Does	
  the	
  Graviton	
  have	
  mass?	
  

•  Extreme	
  Mass	
  Ra1o	
  Inspirals,	
  EMRIs	
  (1	
  to	
  10	
  M☉	
  into	
  104	
  to	
  5	
  x	
  106	
  M☉)	
  
–  How	
  is	
  the	
  stellar	
  dynamics	
  in	
  dense	
  galac1c	
  nuclei?	
  
–  How	
  does	
  dynamical	
  relaxa1on	
  and	
  mass	
  segrega1on	
  work	
  in	
  dense	
  galac1c	
  nuclei?	
  	
  
–  What	
  is	
  the	
  occupa1on	
  frac1on	
  of	
  black	
  holes	
  in	
  low-­‐mass	
  galaxies?	
  
–  How	
  large	
  are	
  devia1ons	
  from	
  Kerr	
  Metric,	
  and	
  what	
  new	
  physics	
  causes	
  them?	
  
–  Are	
  there	
  horizonless	
  objects	
  like	
  boson	
  stars	
  or	
  gravastars?	
  
–  Are	
  alterna1ves	
  to	
  GR	
  viable,	
  like	
  Chern-­‐Simons	
  or	
  scalar	
  tensor	
  theories	
  or	
  braneworld	
  scenarios?	
  	
  

•  Ultra-­‐Compact	
  Binaries	
  in	
  Milky	
  Way	
  
–  What	
  is	
  the	
  explosion	
  mechanism	
  of	
  type	
  Ia	
  supernovwe?	
  
–  What	
  is	
  the	
  forma1on	
  and	
  merger	
  rate	
  of	
  compact	
  binaries?	
  
–  What	
  is	
  the	
  endpoint	
  of	
  stellar	
  evolu1on?	
  

•  Stochas1c	
  Signals	
  
–  Directly	
  probe	
  Planck	
  scale	
  epoch	
  at	
  1	
  TeV	
  to	
  1000	
  TeV	
  before	
  decoupling	
  of	
  microwave	
  background	
  
–  Were	
  there	
  phase	
  transi1ons	
  and	
  of	
  which	
  order?	
  
–  Probe	
  Higgs	
  field	
  self	
  coupling	
  and	
  poten1al,	
  and	
  search	
  for	
  supersymmetry.	
  
–  Are	
  there	
  warped	
  sub-­‐millimetre	
  extra-­‐dimensions?	
  
–  Can	
  we	
  see	
  braneworld	
  scenarios	
  with	
  rehea1ng	
  temperatures	
  in	
  the	
  TeV	
  range?	
  
–  Do	
  topological	
  defects	
  like	
  Cosmic	
  Strings	
  exist?	
  

•  The	
  Unknown	
  !	
  ???	
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  Unknown	
  !	
  ???	
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Science	
  in	
  the	
  2020s	
  
•  Observatories	
  

– Ground	
  
•  LHC,	
  LSST,	
  (EELT,	
  TMT,	
  GMT),	
  SKA,	
  ALMA,	
  EHT	
  

–  Space	
  
•  JWST,	
  EUCLID,	
  Gaia,	
  WFIRST,	
  eROSITA,	
  GRAVITY	
  

– Ground-­‐based	
  GW	
  observatories	
  
•  aLIGO,	
  aVIRGO,	
  KAGRA,	
  ET	
  

•  Big	
  science	
  ques1ons	
  
–  Cosmic	
  structure	
  forma1on	
  and	
  Black	
  Hole	
  growth	
  
–  Physics	
  beyond	
  Higgs,	
  supersymmetry,	
  extra	
  
dimensions,	
  Phase	
  transi1ons	
  on	
  TeV	
  scale,	
  cosmic	
  
strings,	
  Dark	
  Majer	
  

–  Physics	
  of	
  Dark	
  Energy,	
  gravita1on,	
  new	
  fields	
  
24	
  



Black	
  Hole	
  Astronomy	
  by	
  2028	
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 R
ed

sh
ift

   
Z 
à

 

Mass [log M/M☉]à 

aLIGO,	
  aVIRGO,	
  
KAGRA	
  

SKA,	
  Pulsar	
  
Timing	
  

Future	
  EM	
  Obs.	
  
LSST,	
  JWST,	
  EELT,	
  

X-­‐rays	
  

ET	
  (proposed)	
  



Black	
  Hole	
  Astronomy	
  by	
  2028	
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 R
ed
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ift

   
Z 
à

 

Mass [log M/M☉]à 

Future	
  EM	
  Obs.	
  
LSST,	
  JWST,	
  EELT,	
  

X-­‐rays	
  

eLISA	
  

SNR 



Black	
  Hole	
  Astronomy	
  by	
  2028	
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 R
ed

sh
ift

   
Z 
à

 

Mass [log M/M☉]à 

Future	
  EM	
  obs.	
  
LSST,	
  JWST,	
  EELT,	
  

X-­‐rays	
  

eLISA	
  

SNR 

Joint	
  EM-­‐GW	
  
observa1ons	
  



eLISA	
  for	
  Astrophysics,	
  Cosmology,	
  	
  
and	
  Fundamental	
  Physics	
  	
  

•  Massive	
  Black	
  Holes	
  (104	
  to	
  108	
  M☉)	
  	
  
–  When	
  did	
  the	
  first	
  Black	
  Holes	
  appear	
  	
  in	
  pre-­‐galac1c	
  halos	
  and	
  what	
  is	
  their	
  mass	
  and	
  spin?	
  
–  How	
  did	
  Black	
  Holes	
  form,	
  assemble	
  and	
  evolve	
  from	
  cosmic	
  dawn	
  to	
  present	
  1me,	
  due	
  to	
  accre1on	
  and	
  mergers	
  
–  What	
  role	
  did	
  Black	
  Holes	
  play	
  in	
  re-­‐ionisa1on,	
  galaxy	
  evolu1on	
  and	
  structure	
  forma1on?	
  
–  What	
  is	
  the	
  precise	
  luminosity	
  distance	
  to	
  loud	
  standard	
  siren	
  black	
  hole	
  binaries?	
  
–  What	
  is	
  the	
  distance	
  –	
  redshio	
  rela1on	
  and	
  the	
  evolu1on	
  history	
  of	
  the	
  universe?	
  
–  Does	
  the	
  Graviton	
  have	
  mass?	
  

•  Extreme	
  Mass	
  Ra1o	
  Inspirals,	
  EMRIs	
  (1	
  to	
  10	
  M☉	
  into	
  104	
  to	
  5	
  x	
  106	
  M☉)	
  
–  How	
  is	
  the	
  stellar	
  dynamics	
  in	
  dense	
  galac1c	
  nuclei?	
  
–  How	
  does	
  dynamical	
  relaxa1on	
  and	
  mass	
  segrega1on	
  work	
  in	
  dense	
  galac1c	
  nuclei?	
  	
  
–  What	
  is	
  the	
  occupa1on	
  frac1on	
  of	
  black	
  holes	
  in	
  low-­‐mass	
  galaxies?	
  
–  How	
  large	
  are	
  devia1ons	
  from	
  Kerr	
  Metric,	
  and	
  what	
  new	
  physics	
  causes	
  it?	
  
–  Are	
  there	
  horizonless	
  objects	
  like	
  boson	
  stars	
  or	
  gravastars?	
  
–  Are	
  alterna1ves	
  to	
  GR	
  viable,	
  like	
  Chern-­‐Simons	
  or	
  scalar	
  tensor	
  theories	
  or	
  braneworld	
  scenarios?	
  	
  

•  Ultra-­‐Compact	
  Binaries	
  in	
  Milky	
  Way	
  
–  What	
  is	
  the	
  explosion	
  mechanism	
  of	
  type	
  Ia	
  supernovwe?	
  
–  What	
  is	
  the	
  forma1on	
  and	
  merger	
  rate	
  of	
  compact	
  binaries?	
  
–  What	
  is	
  the	
  endpoint	
  of	
  stellar	
  evolu1on?	
  

•  Stochas1c	
  Signals	
  
–  Directly	
  probe	
  Planck	
  scale	
  epoch	
  at	
  1	
  TeV	
  to	
  1000	
  TeV	
  before	
  decoupling	
  of	
  microwave	
  background	
  
–  Were	
  there	
  phase	
  transi1ons	
  and	
  of	
  which	
  order?	
  
–  Probe	
  Higgs	
  field	
  self	
  coupling	
  and	
  poten1al,	
  and	
  search	
  for	
  supersymmetry.	
  
–  Are	
  there	
  warped	
  sub-­‐millimetre	
  extra-­‐dimensions?	
  
–  Can	
  we	
  see	
  braneworld	
  scenarios	
  with	
  rehea1ng	
  temperatures	
  in	
  the	
  TeV	
  range?	
  
–  Do	
  topological	
  defects	
  like	
  Cosmic	
  Strings	
  exist?	
  

•  The	
  Unknown	
  !	
   28	
  



Sensi1vity	
  and	
  Black	
  Hole	
  Science	
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Black	
  Hole	
  Merger	
  Signals	
  far	
  above	
  Noise!	
  

30	
  

S
tra

in
 

Time (seconds) 

•  Simulated eLISA data stream 
105 M¤ BH binary merger at z=7,  
 including instrumental noise (SNR~100) 

Baker et al. 2006 
Time [s] 

NGC	
  6240	
  



All	
  Binary	
  Black	
  Holes	
  cross	
  eLISA	
  band:	
  
Trace	
  Galaxy	
  Mergers	
  

31	
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eLISA	
  Black	
  Hole	
  Physics	
  at	
  high	
  SNR	
  

32	
  

•  BBH	
  rest	
  mass	
  104	
  –	
  107	
  

•  Out	
  to	
  redshio	
  	
  z	
  >>	
  10	
  
–  if	
  they	
  exist	
  

•  10	
  –	
  100	
  events	
  per	
  year	
  

•  Redshioed	
  mass	
  to	
  0.1%-­‐1%	
  

•  Absolute	
  spin	
  to	
  0.01-­‐0.1	
  

•  Luminosity	
  distance	
  	
  1	
  –	
  50	
  %	
  

•  Sky	
  loca1on	
  1°	
  -­‐	
  10	
  °	
  

LSST	
  



Event	
  Rates	
  for	
  MBH	
  Mergers	
  
•  10	
  –	
  100	
  events/year	
  from	
  semi-­‐analy1c	
  merger	
  tree	
  models	
  

–  Account	
  for	
  hierarchical	
  clustering	
  of	
  dark	
  majer	
  halos	
  
–  Do	
  not	
  trace	
  baryon	
  physics	
  along	
  cosmic	
  history	
  

•  Recently,	
  full	
  hydrodynamic	
  simula1ons	
  of	
  structure	
  
forma1on	
  show	
  importance	
  of	
  cold	
  gas	
  flow	
  to	
  feed	
  BH	
  
growth	
  

	
  à	
  Merger	
  rates	
  largely	
  unaffected!	
  

33	
  

Sesana	
  et	
  al.,	
  2013	
  



Astrophysics,	
  Cosmology	
  and	
  
Fundamental	
  Physics	
  	
  

•  Massive	
  Black	
  Holes	
  (104	
  to	
  108	
  M☉)	
  	
  
–  When	
  did	
  the	
  first	
  Black	
  Holes	
  appear	
  	
  in	
  pre-­‐galac1c	
  halos	
  and	
  what	
  is	
  their	
  mass	
  and	
  spin?	
  
–  How	
  did	
  Black	
  Holes	
  form,	
  assemble	
  and	
  evolve	
  from	
  cosmic	
  dawn	
  to	
  present	
  1me,	
  due	
  to	
  accre1on	
  and	
  mergers	
  
–  What	
  role	
  did	
  Black	
  Holes	
  play	
  in	
  re-­‐ionisa1on,	
  galaxy	
  evolu1on	
  and	
  structure	
  forma1on?	
  
–  What	
  is	
  the	
  precise	
  luminosity	
  distance	
  to	
  loud	
  standard	
  siren	
  black	
  hole	
  binaries?	
  
–  What	
  is	
  the	
  distance	
  –	
  redshio	
  rela1on	
  and	
  the	
  evolu1on	
  history	
  of	
  the	
  universe?	
  
–  Does	
  the	
  Graviton	
  have	
  mass?	
  

•  Extreme	
  Mass	
  Ra1o	
  Inspirals,	
  EMRIs	
  (1	
  to	
  10	
  M☉	
  into	
  104	
  to	
  5	
  x	
  106	
  M☉)	
  
–  How	
  is	
  the	
  stellar	
  dynamics	
  in	
  dense	
  galac1c	
  nuclei?	
  
–  How	
  does	
  dynamical	
  relaxa1on	
  and	
  mass	
  segrega1on	
  work	
  in	
  dense	
  galac1c	
  nuclei?	
  	
  
–  What	
  is	
  the	
  occupa1on	
  frac1on	
  of	
  black	
  holes	
  in	
  low-­‐mass	
  galaxies?	
  
–  How	
  large	
  are	
  devia1ons	
  from	
  Kerr	
  Metric,	
  and	
  what	
  new	
  physics	
  causes	
  it?	
  
–  Are	
  there	
  horizonless	
  objects	
  like	
  boson	
  stars	
  or	
  gravastars?	
  
–  Are	
  alterna1ves	
  to	
  GR	
  viable,	
  like	
  Chern	
  Simons	
  or	
  scalar	
  tensor	
  theories	
  or	
  braneworld	
  scenarios?	
  	
  

•  Ultra-­‐Compact	
  Binaries	
  in	
  Milky	
  Way	
  
–  What	
  is	
  the	
  explosion	
  mechanism	
  of	
  type	
  Ia	
  supernovae?	
  
–  What	
  is	
  the	
  forma1on	
  and	
  merger	
  rate	
  of	
  compact	
  binaries?	
  
–  What	
  is	
  the	
  endpoint	
  of	
  stellar	
  evolu1on?	
  

•  Stochas1c	
  Signals	
  
–  Directly	
  probe	
  Planck	
  scale	
  epoch	
  at	
  1	
  TeV	
  to	
  1000	
  TeV	
  before	
  decoupling	
  of	
  microwave	
  background	
  
–  Were	
  there	
  phase	
  transi1ons	
  and	
  of	
  which	
  order?	
  
–  Probe	
  Higgs	
  field	
  self	
  coupling	
  and	
  poten1al,	
  and	
  search	
  for	
  supersymmetry.	
  
–  Are	
  there	
  warped	
  sub-­‐millimetre	
  extra-­‐dimensions?	
  
–  Can	
  we	
  see	
  braneworld	
  scenarios	
  with	
  rehea1ng	
  temperatures	
  in	
  the	
  TeV	
  range?	
  
–  Do	
  topological	
  defects	
  like	
  Cosmic	
  Strings	
  exist?	
  

•  The	
  Unknown	
  !	
   34	
  



At	
  the	
  Edge	
  of	
  a	
  Black	
  Hole	
  
•  Capture	
  by	
  Massive	
  Black	
  Holes	
  

–  Compact	
  objects	
  inspiral	
  into	
  massive	
  black	
  hole	
  (MBH),	
  	
  	
  
–  GWs	
  map	
  space-­‐1me	
  geometry	
  with	
  superb	
  precision	
  
–  Allows	
  inves1ga1on	
  of	
  1ny	
  devia1ons	
  from	
  General	
  
Rela1vity	
  including	
  the	
  “no	
  hair”	
  theorem	
  

Ghez et al. 1998 ApJ 509, 678, Eckart et al. 2002 MNRAS 331, 917  

Our own BH! 

35	
  



Orbits	
  and	
  spiral-­‐in	
  of	
  small	
  bodies	
  
around	
  spinning	
  Black	
  Holes	
  	
  

(Extreme	
  Mass	
  Ra1o	
  Inspirals,	
  EMRIs)	
  

Periapsis precession 

Orbit plane precession 
spin–orbit; L-T(Lense-Thirring) 

Spiral-in and Circularization 
(GW energy and angular 
momentum losses) 
Slow! 

Phinney 
36	
  



a=6M, e=0.2, i=80 
Frequencies sweep and shift  
during inspiral, mapping space-time  
outside the horizon. 
⇒ Like a Geodesy satellite mapping Geopotential! 
⇒ GRACE for Black Holes! 

Extreme	
  Mass	
  Ra1o	
  Inspiral	
  (EMRI)	
  

Phinney 

You	
  can	
  hear	
  if	
  the	
  	
  	
  
Event	
  Horizon	
  exists!	
  

37	
  



Extreme	
  Mass	
  Ra1o	
  Inspirals	
  

38	
  

•  SNR	
  20	
  up	
  to	
  z	
  ≈	
  0.7	
  for	
  105-­‐106	
  M⊙	
  
•  Dozens	
  of	
  events	
  per	
  year	
  
•  Mass,	
  spin	
  to	
  0.1%	
  –	
  0.01	
  %	
  
•  Quadrupole	
  moment	
  	
  

to	
  <	
  0.001	
  M⊙3G2/c4	
  
	
  

•  Do	
  Black	
  Holes	
  have	
  hair?	
  
– New	
  objects	
  in	
  General	
  Rela1vity	
  

•  Boson	
  Stars,	
  Gravastars,	
  non-­‐Kerr	
  solu1ons	
  (e.g.	
  Manko-­‐Novikov)	
  
– Devia1ons	
  from	
  General	
  Rela1vity	
  

•  Chern-­‐Simons,	
  Scalar-­‐Tensor,	
  light	
  scalar	
  fields	
  (axions)	
  and	
  black	
  
hole	
  bomb	
  instabili1es	
  

•  Each	
  has	
  specific	
  GW	
  fingerprint!	
  



eLISA	
  as	
  Dark	
  Majer	
  Probe	
  

•  Dark	
  Majer	
  spike	
  around	
  BH	
  
changes	
  inspiral	
  GW	
  phase	
  

•  Sensi1ve	
  even	
  to	
  Dark	
  Majer	
  
interac1ng	
  only	
  gravita1onally	
  

39	
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Astrophysics,	
  Cosmology	
  and	
  
Fundamental	
  Physics	
  	
  

•  Massive	
  Black	
  Holes	
  (104	
  to	
  108	
  M☉)	
  	
  
–  When	
  did	
  the	
  first	
  Black	
  Holes	
  appear	
  	
  in	
  pre-­‐galac1c	
  halos	
  and	
  what	
  is	
  their	
  mass	
  and	
  spin?	
  
–  How	
  did	
  Black	
  Holes	
  form,	
  assemble	
  and	
  evolve	
  from	
  cosmic	
  dawn	
  to	
  present	
  1me,	
  due	
  to	
  accre1on	
  and	
  mergers?

What	
  role	
  did	
  Black	
  Holes	
  play	
  in	
  re-­‐ionisa1on,	
  galaxy	
  evolu1on	
  and	
  structure	
  forma1on?	
  
–  What	
  is	
  the	
  precise	
  luminosity	
  distance	
  to	
  loud	
  standard	
  siren	
  black	
  hole	
  binaries?	
  
–  What	
  is	
  the	
  distance	
  –	
  redshio	
  rela1on	
  and	
  the	
  evolu1on	
  history	
  of	
  the	
  universe?	
  
–  Does	
  the	
  Graviton	
  have	
  mass?	
  

•  Extreme	
  Mass	
  Ra1o	
  Inspirals,	
  EMRIs	
  (1	
  to	
  10	
  M☉	
  into	
  104	
  to	
  5	
  x	
  106	
  M☉)	
  
–  How	
  is	
  the	
  stellar	
  dynamics	
  in	
  dense	
  galac1c	
  nuclei?	
  
–  How	
  does	
  dynamical	
  relaxa1on	
  and	
  mass	
  segrega1on	
  work	
  in	
  dense	
  galac1c	
  nuclei?	
  	
  
–  What	
  is	
  the	
  occupa1on	
  frac1on	
  of	
  black	
  holes	
  in	
  low-­‐mass	
  galaxies?	
  
–  How	
  large	
  are	
  devia1ons	
  from	
  Kerr	
  Metric,	
  and	
  what	
  new	
  physics	
  causes	
  it?	
  
–  Are	
  there	
  horizonless	
  objects	
  like	
  boson	
  stars	
  or	
  gravastars?	
  
–  Are	
  alterna1ves	
  to	
  GR	
  viable,	
  like	
  Chern-­‐Simons	
  or	
  scalar	
  tensor	
  theories	
  or	
  braneworld	
  scenarios?	
  	
  

•  Ultra-­‐Compact	
  Binaries	
  in	
  Milky	
  Way	
  
–  What	
  is	
  the	
  explosion	
  mechanism	
  of	
  type	
  Ia	
  supernovwe?	
  
–  What	
  is	
  the	
  forma1on	
  and	
  merger	
  rate	
  of	
  compact	
  binaries?	
  
–  What	
  is	
  the	
  endpoint	
  of	
  stellar	
  evolu1on?	
  

•  Stochas1c	
  Signals	
  
–  Directly	
  probe	
  Planck	
  scale	
  epoch	
  at	
  1	
  TeV	
  to	
  1000	
  TeV	
  before	
  decoupling	
  of	
  microwave	
  background	
  
–  Were	
  there	
  phase	
  transi1ons	
  and	
  of	
  which	
  order?	
  
–  Probe	
  Higgs	
  field	
  self	
  coupling	
  and	
  poten1al,	
  and	
  search	
  for	
  supersymmetry.	
  
–  Are	
  there	
  warped	
  sub-­‐millimetre	
  extra-­‐dimensions?	
  
–  Can	
  we	
  see	
  braneworld	
  scenarios	
  with	
  rehea1ng	
  temperatures	
  in	
  the	
  TeV	
  range?	
  
–  Do	
  topological	
  defects	
  like	
  Cosmic	
  Strings	
  exist?	
  

•  The	
  Unknown	
  !	
  
40	
  



Galac1c	
  binaries:	
  relevance	
  

•  	
  Probes	
  binary	
  evolu1on	
  
–  	
  Common	
  envelope	
  

•  	
  Type	
  Ia	
  Supernovae	
  
–  	
  Same	
  popula1ons	
  

•  	
  Galac1c	
  popula1ons/
structure	
  
–  	
  Tracers	
  of	
  star	
  forma1on	
  

•  	
  Binary	
  interac1ons	
  
–  	
  Mass	
  transfer/1des	
  

Accretion	



Merger 	
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eLISA:	
  30	
  Million	
  White	
  Dwarf	
  Binaries!	
  

42	
  

•  Several	
  Thousand	
  resolvable	
  in	
  2	
  yr	
  
•  Discriminate	
  between	
  BH,	
  NS,	
  and	
  WD	
  binaries	
  

•  	
  Synergy	
  between	
  eLISA	
  and	
  GAIA:	
  	
  
– eLISA	
  polarisa1on	
  measurement	
  	
  
gives	
  inclina3on	
  of	
  orbital	
  plane	
  

– eLISA	
  gives	
  accurate	
  distances	
  to	
  	
  
and	
  masses	
  of	
  WD/WD	
  binaries	
  	
  
whose	
  orbits	
  show	
  effects	
  of	
  	
  
gravita1onal	
  radia1on	
  reac1on	
  



eLISA	
  has	
  guaranteed	
  Sources:	
  	
  
Known	
  Verifica1on	
  Binaries	
  

HM	
  Cnc	
  

SDSS	
  J0651	
  
AM	
  CVn	
  HP	
  Lib	
  

V803	
  Cen	
   CR	
  Boo	
  ES	
  Cet	
  
V407	
  Vul	
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Astrophysics,	
  Cosmology	
  and	
  
Fundamental	
  Physics	
  	
  

•  Massive	
  Black	
  Holes	
  (104	
  to	
  108	
  M☉)	
  	
  
–  When	
  did	
  the	
  first	
  Black	
  Holes	
  appear	
  	
  in	
  pre-­‐galac1c	
  halos	
  and	
  what	
  is	
  their	
  mass	
  and	
  spin?	
  
–  How	
  did	
  Black	
  Holes	
  form,	
  assemble	
  and	
  evolve	
  from	
  cosmic	
  dawn	
  to	
  present	
  1me,	
  due	
  to	
  accre1on	
  and	
  mergers?

What	
  role	
  did	
  Black	
  Holes	
  play	
  in	
  re-­‐ionisa1on,	
  galaxy	
  evolu1on	
  and	
  structure	
  forma1on?	
  
–  What	
  is	
  the	
  precise	
  luminosity	
  distance	
  to	
  loud	
  standard	
  siren	
  black	
  hole	
  binaries?	
  
–  What	
  is	
  the	
  distance	
  –	
  redshio	
  rela1on	
  and	
  the	
  evolu1on	
  history	
  of	
  the	
  universe?	
  
–  Does	
  the	
  Graviton	
  have	
  mass?	
  

•  Extreme	
  Mass	
  Ra1o	
  Inspirals,	
  EMRIs	
  (1	
  to	
  10	
  M☉	
  into	
  104	
  to	
  5	
  x	
  106	
  M☉)	
  
–  How	
  is	
  the	
  stellar	
  dynamics	
  in	
  dense	
  galac1c	
  nuclei?	
  
–  How	
  does	
  dynamical	
  relaxa1on	
  and	
  mass	
  segrega1on	
  work	
  in	
  dense	
  galac1c	
  nuclei?	
  	
  
–  What	
  is	
  the	
  occupa1on	
  frac1on	
  of	
  black	
  holes	
  in	
  low-­‐mass	
  galaxies?	
  
–  How	
  large	
  are	
  devia1ons	
  from	
  Kerr	
  Metric,	
  and	
  what	
  new	
  physics	
  causes	
  it?	
  
–  Are	
  there	
  horizonless	
  objects	
  like	
  boson	
  stars	
  or	
  gravastars?	
  
–  Are	
  alterna1ves	
  to	
  GR	
  viable,	
  like	
  Chern-­‐Simons	
  or	
  scalar	
  tensor	
  theories	
  or	
  braneworld	
  scenarios?	
  	
  

•  Ultra-­‐Compact	
  Binaries	
  in	
  Milky	
  Way	
  
–  What	
  is	
  the	
  explosion	
  mechanism	
  of	
  type	
  Ia	
  supernovwe?	
  
–  What	
  is	
  the	
  forma1on	
  and	
  merger	
  rate	
  of	
  compact	
  binaries?	
  
–  What	
  is	
  the	
  endpoint	
  of	
  stellar	
  evolu1on?	
  

•  Stochas1c	
  Signals	
  
–  Directly	
  probe	
  Planck	
  scale	
  epoch	
  at	
  1	
  TeV	
  to	
  1000	
  TeV	
  before	
  decoupling	
  of	
  microwave	
  background	
  
–  Were	
  there	
  phase	
  transi1ons	
  and	
  of	
  which	
  order?	
  
–  Probe	
  Higgs	
  field	
  self	
  coupling	
  and	
  poten1al,	
  and	
  search	
  for	
  supersymmetry.	
  
–  Are	
  there	
  warped	
  sub-­‐millimetre	
  extra-­‐dimensions?	
  
–  Can	
  we	
  see	
  braneworld	
  scenarios	
  with	
  rehea1ng	
  temperatures	
  in	
  the	
  TeV	
  range?	
  
–  Do	
  topological	
  defects	
  like	
  Cosmic	
  Strings	
  exist?	
  

•  The	
  Unknown	
  !	
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STOCHASTIC	
  GW	
  BACKGROUND	
  
•  Wavelength	
  of	
  primordial	
  Gravita1onal	
  Waves	
  set	
  by	
  horizon	
  

scale	
  at	
  1me	
  of	
  emission	
  (with	
  temperature	
  T✻):	
  
	
  
•  eLISA	
  band	
  	
  

–  0.1-­‐100	
  mHz	
  ⟹	
  1-­‐1000	
  TeV	
  (beyond	
  LHC)	
  
–  1	
  mm	
  scale	
  @	
  TeV	
  
–  3×10-­‐18	
  -­‐	
  3×10-­‐10	
  s	
  aoer	
  the	
  Big	
  Bang	
  

•  eLISA	
  sensi1ve	
  to	
  LHC	
  physics	
  	
  
and	
  beyond	
  
–  Higgs	
  self-­‐couplings	
  and	
  poten1al	
  
–  Supersymmetry	
  
–  Extra	
  dimensions	
  
–  Strings	
  
–  Dark	
  Energy	
  density	
  ≈	
  (0.1	
  mm)-­‐4	
  

•  Signature	
  in	
  eLISA	
  band?	
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f0 ≈10
−4Hz H∗(t)×

1mm
c

≈10−4Hz kT∗
1TeV



Topological	
  Defects	
  
•  Cosmic	
  Strings	
  detectable	
  as	
  background,	
  if	
  they	
  exist	
  
•  Cusps	
  visible	
  as	
  1me	
  resolved	
  bursts	
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Light	
  string,	
  large	
  loop	
  

Very	
  light	
  string,	
  large	
  loop	
  

Light	
  string,	
  small	
  loop	
  

eLISA	
  



Probing	
  Phase	
  Transi1ons	
  	
  
at	
  the	
  TeV	
  Scale	
  

•  First	
  order	
  phase	
  transi1on	
  well	
  above	
  1	
  TeV	
  	
  
•  Konstandin	
  et	
  al.,	
  2010:	
  Randall	
  and	
  Sundrum	
  (1999)	
  

sub-­‐mm	
  brane	
  model	
  looks	
  like	
  scalar	
  field	
  phase	
  
transi1on	
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0.1	
  TeV	
  
long	
  dura1on	
  

10	
  TeV	
  

0.1	
  TeV	
  
short	
  dura1on	
  



LISA	
  Mock	
  Data	
  Challenge	
  
•  Prac1cing	
  data	
  analysis	
  

on	
  synthe1c	
  data	
  

•  Blind	
  interna1onal	
  
challenge	
  

•  Full	
  eLISA	
  data	
  stream	
  

–  Instrumental	
  noise	
  

–  4	
  MBH	
  events	
  

–  5	
  EMRI	
  events	
  

–  26.1	
  million	
  Galac1c	
  	
  
binaries	
  

•  Effec1ve	
  data	
  analysis	
  algorithms	
  are	
  in	
  hand!	
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Strawman	
  Mission	
  Concept	
  for	
  eLISA:	
  
NGO	
  as	
  proposed	
  for	
  ESA	
  L1	
  Selec1on	
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Aoer	
  15	
  years	
  of	
  joint	
  LISA	
  
development	
  in	
  March	
  2011...	
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•  Redesign for ESA-only mission	



• Cost-cap for ESA cost at 850 M€ plus���
member state contributions around 200 M€	



Ø Build on LISA Pathfinder hardware	


Ø Shorter arms, smaller telescopes, ���

simpler orbits, less mass	


Ø Can use cheaper launcher	



à Mission Concept called NGO (eLISA)	



à eLISA: evolving LISA	


à NGO: specific incarnation of eLISA for ESA L1 selection!	



LISA Redefinition Study for L1	



Soyuz Fregat 



NGO	
  Layout	
  for	
  eLISA	
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Heliocentric	
  orbit	
  trailing	
  earth	
  by	
  20∘	
  
Free-­‐floa1ng	
  test	
  masses	
  

Drag-­‐free	
  control	
  
1	
  Million	
  km	
  arms	
  
20	
  cm	
  telescopes	
  

2	
  W	
  lasers	
  



eLISA	
  Lay-­‐Out	
  

3	
  iden1cal	
  S/C	
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eLISA	
  Lay-­‐Out	
  

3	
  iden1cal	
  S/C	
  

Add	
  3rd	
  arm	
  	
  
through	
  	
  

interna1onal	
  	
  
contribu1on?	
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Op1cal	
  Assembly	
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Daughters	
  

Mother	
  



The	
  Science	
  Instrument	
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S/C	
  mounted	
  

FEE	
  

PM	
  

ULU	
  

DMU	
  

Op1cal	
  Bench	
  (OB)	
   Gravita1onal	
  	
  
Reference	
  	
  
Sensor	
  (GRS)	
  

•  Provided	
  by	
  eLISA	
  Consor1um	
  (D,	
  F,	
  I,	
  UK,	
  ES,	
  CH,	
  DK,	
  NL)	
  
•  Also	
  providing	
  LISA	
  Pathfinder	
  Instrument	
  	
  

www.elisascience.org	
  



Website	
  elisascience.org	
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•  Some	
  heritage	
  from	
  LISA	
  Pathfinder	
  
•  ESA-­‐CTP	
  and	
  DLR	
  funding	
  for	
  	
  flight	
  quality	
  hardware	
  
•  German/Danish	
  team	
  
•  Performance	
  well	
  in	
  spec	
  

Germany:	
  Phasemeter	
  



France:	
  Data	
  Center	
  at	
  APC	
  	
  
•  Data	
  storage,	
  sooware	
  provision	
  and	
  support	
  
•  Data	
  input	
  from	
  ESA	
  SOC	
  	
  
•  Timely	
  provision	
  of	
  Level	
  2	
  and	
  3	
  data	
  	
  

–  to	
  SOC	
  and	
  NC	
  na1onal	
  data	
  centers	
  	
  

•  Already	
  used	
  for	
  
Pathfinder	
  

•  CNES	
  funds	
  Level	
  0	
  
study	
  for	
  LISA	
  

59	
  



Italy:	
  GRS	
  Lead	
  
LISA	
  Pathfinder	
  Heritage	
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•  LISA	
  Pathfinder	
  Heritage	
  
– New	
  developments:	
  UV	
  diodes	
  
– ESA	
  TRP	
  ongoing	
  

UK:	
  Charge	
  Management	
  System	
  



UK:	
  Op1cal	
  Bench	
  
•  LISA	
  Pathfinder	
  Heritage	
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Switzerland:	
  GRS	
  Front-­‐End	
  Electronics	
  	
  
•  LISA	
  Pathfinder	
  heritage	
  

– Needs	
  delta	
  qualifica1on	
  for	
  lower	
  frequencies	
  
– ESA	
  TRP	
  ongoing	
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Switzerland:	
  Caging	
  Mechanism	
  
•  LISA	
  Pathfinder	
  Heritage	
  
•  Aoer	
  successfull	
  LPF	
  flight	
  available	
  as	
  is	
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•  LISA	
  Pathfinder	
  Heritage	
  
– Needs	
  more	
  channels	
  for	
  eLISA	
  

Spain:	
  Diagnos1c	
  System	
  



LISA	
  Pathfinder	
  

66 
•  Launch	
  date	
  has	
  now	
  been	
  stable	
  at	
  July	
  2015!	
  



LISA	
  Pathfinder	
  

•  Take	
  one	
  eLISA	
  link	
  	
  
•  Hardware	
  designed	
  for	
  LISA	
  
•  Squeeze	
  it	
  into	
  one	
  spacecrao	
  

67	
  Stefano	
  Vitale	
  



S/C	
  Ready	
  and	
  Propulsion	
  Module	
  
ready	
  and	
  tested	
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The	
  Op1cal	
  Bench	
  and	
  Structure	
  
•  Successfully	
  tested	
  end-­‐to-­‐end	
  for	
  op1cal	
  
performance	
  

•  Delivered	
  for	
  integra1on	
  in	
  May	
  2013	
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Op1cal	
  Bench	
  and	
  Structure	
  
•  Delivered	
  in	
  May	
  2013,	
  currently	
  under	
  integra1on	
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Op1cal	
  Bench	
  and	
  Structure	
  
•  Delivered	
  in	
  May	
  2013,	
  currently	
  under	
  integra1on	
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Engineering	
  Problems	
  solved:	
  

•  The	
  motor	
  was	
  wrong	
  on	
  the	
  caging	
  
–  Flight	
  models	
  of	
  new	
  design	
  delivered	
  	
  
in	
  April	
  2013	
  

•  One	
  soldering	
  was	
  wrong	
  on	
  the	
  electrode	
  housing	
  
–  New	
  assembly	
  technique	
  passed	
  	
  
Qualifica1on	
  review	
  on	
  August	
  28,	
  2013	
  
FMs	
  to	
  be	
  delivered	
  October	
  2013	
  

•  We	
  needed	
  new	
  µ-­‐Newton	
  thrusters	
  
–  Cold	
  gas	
  thrusters	
  and	
  electronics	
  can	
  be	
  	
  
used	
  iden1cal	
  to	
  Gaia,	
  	
  
to	
  be	
  delivered	
  in	
  September	
  2014	
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 Micro Micro ThrusterThruster (MT) (MT) configurationconfiguration

MT cross section CAD view

MT series arranged fluidic 
components

MT couple (nominal+ redundant) 
accommodated on the L shaped 
mechanical support

MT EQM model assembled for the 
qualification Campaign vs. GAIA 
requirements
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Tes1ng	
  Free	
  Flying	
  Test	
  Mass	
  
(GRS)	
  on	
  Ground:	
  	
  
Torsion	
  Pendulum	
  

Test-­‐mass	
  (hollow)	
  

	
  	
  	
  	
  	
  Disturbing	
  surroundings	
  (GRS)	
  



eLISA	
  	
  
spec	
  

LPF	
  	
  
spec	
  

U.	
  Trento	
  

Superb	
  GRS	
  Performance	
  on	
  Ground	
  
•  Upper	
  limits	
  from	
  torsion	
  pendulum	
  

74	
  



Op1cal	
  Metrology	
  Ground	
  Tes1ng	
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Superb	
  Op1cal	
  Performance	
  on	
  Ground	
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All	
  Payload	
  Hardware	
  delivered	
  and	
  
tested	
  by	
  November	
  2013	
  

•  All	
  remaing	
  integra1on	
  steps	
  successfully	
  prac1ced	
  
•  Launch	
  July	
  2015	
  now	
  stable	
  !	
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LTP SubContracts  

GPRM Calibration GPRM FM 2
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CVM

ISH 1 & 2 Flight Models

CFIs  

EH1

EH2

ISUK modified

ULU repaired & accepted  --> to SCM

2 OB final Qual (Spare)  --> to ASD

3 OB final Qual

ASD AIT  

LCA MAIT preparation

LCA Composite Prep

LCA final lntegration DRB @ ESA Launch

LCA Composite final lntegration  --> to SCM

Spacecraft tasks to launch (~8months)

CCU Repair

Waiting for optical bench 3

2 months



Einstein	
  78	
  

Launch	
  in	
  2015	
  

Lagrange	
  Point	
  L1	
  



Launch	
  on	
  new	
  Vega	
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LPF	
  expected	
  Performance	
  
•  Comparable	
  to	
  eLISA	
  requirement	
  

FM	
  	
  performance	
  tes1ng	
  Projec1on	
  of	
  ground	
  tes1ng	
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New	
  ESA	
  Call	
  for	
  Large	
  Missions	
  

81	
  



Warsaw,	
  July	
  11,	
  
2013	
  

S.	
  Vitale	
   82	
  

	
  
	
  hUp://elisascience.org/whitepaper	
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Strawman	
  Mission	
  Scenario	
  
•  Go	
  with	
  L1	
  NGO	
  as	
  baseline	
  

– L2	
  Cost	
  envelope	
  is	
  (1000	
  M€	
  from	
  ESA	
  plus	
  400	
  M€	
  
from	
  MSs)	
  =	
  1400	
  M€	
  	
  

– NGO	
  L1	
  cost	
  assessed	
  by	
  ESA	
  was	
  1268	
  M€	
  
•  Affordable	
  as	
  ESA	
  only!	
  	
  

– plus	
  250	
  M€	
  interna1onal	
  contrib.	
  =	
  1650	
  M€	
  total	
  
•  250	
  M€	
  =	
  330	
  M$	
  à	
  M-­‐Class	
  or	
  	
  Probe	
  @	
  NASA!	
  

•  Going	
  to	
  3	
  arms	
  possible	
  with	
  no	
  design	
  change	
  
•  Use	
  interna1onal	
  contribu1ons	
  for	
  cost	
  risk	
  
mi1ga1on	
  or	
  performance	
  enhancement	
  !	
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New	
  NASA	
  Ac1vi1es	
  

85	
  



Interest	
  from	
  China	
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Interna1onal	
  plans	
  for	
  space-­‐based	
  
detectors	
  

•  USA	
  
–  Scenario	
  1:	
  Junior	
  partner	
  in	
  eLISA	
  (highest	
  priority)	
  
–  Scenario	
  2:	
  NASA-­‐led	
  mission	
  (SGO)	
  
–  Ongoing	
  technology	
  developments	
  in	
  the	
  US:	
  	
  Telescope,	
  	
  
Laser	
  system,	
  	
  Interferometry	
  ,	
  Op1cal	
  Bench	
  technology,	
  
GRS,	
  Charge	
  management,	
  torsion	
  pendulum	
  test	
  benches	
  

•  China:	
  two	
  op1ons,	
  both	
  in	
  some	
  degree	
  of	
  collabora1on	
  
with	
  ESA	
  
–  Join	
  eLISA	
  for	
  L2	
  	
  
–  Develop	
  a	
  similar	
  Chinese	
  program	
  if	
  eLISA	
  is	
  selected	
  as	
  L3.	
  
–  Technology:	
  Telescopes,	
  interferometry,	
  GRS	
  and	
  torsion	
  
pendulum	
  

•  Japan:	
  Decigo-­‐Pathfinder	
  strong	
  candidate	
  for	
  a	
  small	
  
mission	
  by	
  Jaxa	
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ESA‘s	
  L2	
  and	
  L3	
  Missions	
  
•  Call	
  for	
  Science	
  Themes	
  2013	
  
•  Selec1on	
  of	
  Themes	
  in	
  Nov	
  2013	
  
•  LISA	
  Pathfinder	
  launch	
  2015	
  
•  Launch	
  of	
  L2	
  in	
  2028	
  
•  Launch	
  of	
  L3	
  in	
  2034	
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Roadmap	
  for	
  LISA	
  
•  Launch	
  LISA	
  Pathfinder	
  in	
  2015	
  
•  Coordina1on	
  of	
  interna1onal	
  partners	
  
•  If	
  LISA	
  is	
  L2:	
  

– Build	
  EQM	
  of	
  complete	
  Payload	
  in	
  2016	
  –	
  2020	
  
– Start	
  industrial	
  implementa1on	
  in	
  2020	
  
– Launch	
  in	
  2028	
  

•  If	
  LISA	
  is	
  L3:	
  
– Technology	
  development	
  un1l	
  2018	
  
– Payload	
  EQM	
  2019	
  –	
  2023	
  
– Start	
  industrial	
  implementa1on	
  2024	
  
– Launch	
  2034	
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Summary	
  
•  LISA	
  will	
  

–  Explore	
  the	
  whole	
  Universe	
  through	
  Gravity	
  only	
  
–  Probe	
  assembly	
  of	
  cosmic	
  structure	
  through	
  Black	
  Holes	
  
and	
  observe	
  their	
  seeds	
  

–  Inves1gate	
  General	
  Rela1vity	
  in	
  Strong	
  Field	
  Regime	
  
–  Explore	
  the	
  Early	
  Universe	
  
– Have	
  a	
  huge	
  discovery	
  space	
  

•  LISA	
  Pathfinder	
  
– Has	
  all	
  payload	
  hardware	
  tested	
  and	
  delivered	
  next	
  month	
  
– Will	
  fly	
  in	
  2015	
  on	
  a	
  robust	
  schedule	
  
– Will	
  fly	
  hardware	
  designed	
  for	
  and	
  usable	
  by	
  eLISA	
  

•  LISA	
  will	
  be	
  a	
  true	
  Cosmic	
  Vision	
  !	
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LISA Technology for 
Gravity Field Missions 



Gravity	
  Recovery	
  and	
  Climate	
  
Experiment	
  (GRACE)	
  

GRACE	
  Mission	
  (UTCSR,	
  GFZ,	
  DLR,	
  JPL).	
  Image	
  credit:	
  NASA	
  

Velicogna,	
  “Increasing	
  rates	
  of	
  ice	
  mass	
  loss	
  from	
  the	
  
Greenland	
  and	
  Antarc3c	
  ice	
  sheets	
  revealed	
  by	
  GRACE”	
  
Geophys.	
  Research	
  Lej.	
  36,	
  L19503	
  (2009).	
  

GFZ	
  

Tiwari	
  et	
  al.,	
  “Dwindling	
  groundwater	
  resources	
  in	
  northern	
  India,	
  
from	
  satellite	
  gravity	
  observa3ons”,	
  Geophys.	
  Research	
  Lej.	
  36,	
  
L18401	
  (2009).	
  

Ground	
  water	
  loss	
  in	
  India	
   Ice	
  mass	
  loss	
  in	
  Greenland	
  



Accelera1on	
  Noise	
  Comparison	
  



Next	
  Genera1on	
  Geodesy	
  Mission	
  
Work	
  at	
  AEI	
  

Interferometer	
  design	
  and	
  
analysis	
  

Op1cal	
  simula1ons	
  

Orbit	
  simula1ons	
  

Interferometer	
  breadboard	
  tests	
  

Hydroxy-­‐catalysis	
  bonding	
  

Hardware	
  phasemeter	
  prototype	
  



GRACE-­‐FO	
  Mission	
  
•  Central	
  op1cal	
  path	
  	
  
obstructed	
  	
  

•  Go	
  around	
  with	
  virtual	
  
cornercube	
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Racetrack	
  Layout	
  
•  Compensate	
  receiving	
  S/C	
  	
  
angular	
  jijer	
  by	
  actua1on	
  of	
  	
  
beamsplijer	
  	
  



GRACE	
  Follow-­‐On	
  Mission	
  Approved!	
  
•  USA/Germany,	
  approved	
  in	
  Dec	
  2011,	
  launch	
  in	
  2017!	
  
•  Laser	
  interferometer	
  instrument	
  from	
  Germany	
  
•  First-­‐ever	
  intersatellite	
  laser	
  ranging	
  instrument!	
  
•  AEI:	
  Design	
  lead	
  /	
  PI	
  for	
  interferometry!	
  



We	
  will	
  hear	
  the	
  Universe	
  and	
  the	
  
Big	
  Bang!	
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•  And	
  LISA	
  technology	
  will	
  enable	
  all	
  future	
  genera1ons	
  of	
  
gravi1onal	
  geodesy	
  missions!	
  


