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The	  Gravita-onal	  Universe	  
	  
	  
	  	  
	  
	  

Selected	  as	  ESA	  L3	  Science	  Theme!	  
We	  finally	  have	  an	  approved	  slot	  in	  the	  ESA	  program!	  

We	  even	  have	  a	  launch	  date!	  2034!	  



LISA	  Pathfinder	  
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•  Launch	  date	  has	  now	  been	  stable	  at	  July	  2015!	  



LISA and LISA PATHFINDER 
at the  

5th International LISA Symposium 
11-16 July 2004, ESTEC, Noordwijk, NL 

Karsten Danzmann  
Max Planck Institute for Gravitational Physics 

(Albert Einstein Institute)  and University Hannover 
 

on behalf of the LISA Science Team 
 



LISA and LISA PF 
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LISA in 2004: Getting Real! 

§  LISA Mission Formulation Phase beginning Fall 2004 

§  ESA Contractor selected 

§  Joint NASA/ESA Management Structure in place 

§  Joint NASA/ESA Integrated Technical Teams (ITTs) in place 

–  Interferometry Measurement System (IMS) 

–  Disturbance Reduction system (DRS) 

–  Constellation 

§  LISA Pathfinder (LPF) Technology Mission approved by  
ESA SPC in November 2003 

§  LPF Mission Industrial Contract in place 

§  NASA DRS and ESA LTP P/Ls on track for launch 2008 



LISA and LISA PF 
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LISA and LISA PF 
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There	  were	  Problems	  to	  be	  solved	  
•  But	  not	  on	  the	  new	  and	  challenging	  items....	  

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

•  The	  brazing	  was	  wrong	  on	  the	  electrode	  housing	  
–  New	  assembly	  technique	  passed	  	  
Qualifica-on	  review	  on	  August	  28,	  2013	  
FMs	  delivered	  in	  November	  2013	  

•  We	  needed	  new	  µ-‐Newton	  thrusters	  
–  Cold	  gas	  thrusters	  and	  electronics	  can	  be	  	  
used	  iden-cal	  to	  Gaia,	  	  
to	  be	  delivered	  in	  fall	  of	  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



Op-cal	  Metrology	  Ground	  Tes-ng	  
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Superb	  Op-cal	  Performance	  on	  Ground	  
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Expected	  Mission	  Performance	  
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All	  Payload	  Hardware	  delivered	  and	  
tested	  !	  

•  All	  remaing	  integra-on	  steps	  successfully	  prac-ced	  
•  Launch	  July	  2015	  now	  stable	  !	  
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LTP SubContracts  

GPRM Calibration GPRM FM 2

dCCU

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	  13	  

Launch	  in	  2015	  

Lagrange	  Point	  L1	  



LISA and LISA PF 
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LISA 
 

Unveiling 
a Hidden 
Universe Bernard Schutz 

for the 
LISA International Science Team 

bernard.schutz@aei.mpg.de 

(Animation: AEI/Milde Science Comm)!

Cosmic Vision Presentation 
Paris, Feb. 2011 



But	  then	  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	  
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NGO:	  Revealing	  a	  Hidden	  
Universe	  

Presenta9on	  to	  SSAC	  for	  the	  L1	  selec9on,	  	  
Paris,	  April	  2,	  2012	  

	  
Bernard	  Schutz	  and	  Karsten	  Danzmann	  

for	  the	  NGO	  Study	  Team	  



May	  2012:	  ESA	  L1	  SPC	  Decision	  
JUICE	  to	  Jupiter‘s	  Icy	  Moons	  
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March	  2013:	  New	  ESA	  Call	  for	  Large	  
Missions	  
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NGO	  Consor-um	  (NC)	  
maintained	  as	  eLISA	  Consor-um	  

eLISA	  Consor=um	  
Instrument-‐PI	  (D),	  Co-‐PIs	  (I,	  F,	  UK,	  CH,	  DK,	  ES)	  

Germany	  

Consor-um	  
Lead	  
	  
System	  
Engineering	  

Phasemeter	  

France	  

AIVT	  

SE	  Support	  
Mechanics	  

Data	  Center	  

UK	  

Op-cal	  
Bench	  

Charge	  
Control	  

Italy	  

GRS	  Lead	  
	  
	  	  EH	  
	  	  Vacuum	  
	  	  TM	  

Switzerland	  

ISS	  FEE	  

ISS	  Caging	  

Denmark	  

Phasemeter	  
	  	  Support	  

Spain	  

Thermal	  
Design	  

Dignos-cs	  

DMU	  
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Warsaw,	  July	  11,	  
2013	  

S.	  Vitale	   23	  

	  
	  h@p://elisascience.org/whitepaper	  



NGO	  Layout	  as	  Strawman	  for	  eLISA	  
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Heliocentric	  orbit	  trailing	  earth	  by	  20∘	  
Free-‐floa-ng	  test	  masses	  

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

2	  W	  lasers	  



eLISA	  Lay-‐Out	  
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3	  „almost“	  
iden-cal	  S/C	  



eLISA	  Lay-‐Out	  

3	  iden-cal	  S/C	  

Add	  3rd	  arm	  	  
through	  	  

interna-onal	  	  
contribu-on?	  
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Op-cal	  Assembly	  
adapted	  from	  Classic	  LISA	  
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Daughters	  

Mother	  



The	  Science	  Instrument	  	  
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S/C	  mounted	  

FEE	  

PM	  

ULU	  

DMU	  

Op-cal	  Bench	  (OB)	   Gravita-onal	  	  
Reference	  	  
Sensor	  (GRS)	  

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

www.elisascience.org	  



Strawman	  Mission	  Scenario	  
•  Go	  with	  L1	  NGO	  as	  baseline	  

– Cost	  envelope	  in	  2013	  e.c.	  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€	  interna-onal	  contrib.	  =	  1650	  M€	  total	  
•  250	  M€	  =	  330	  M$	  à	  M-‐Class	  or	  	  Probe	  @	  NASA!	  

•  Going	  to	  3	  arms	  possible	  with	  no	  design	  change	  
•  Use	  interna-onal	  contribu-ons	  for	  cost	  risk	  
mi-ga-on	  or	  performance	  enhancement	  !	  
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Black	  Hole	  Astronomy	  by	  2030	  
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aLIGO,	  aVIRGO,	  
KAGRA	  

SKA,	  Pulsar	  
Timing	  

Future	  EM	  Obs.	  
LSST,	  JWST,	  EELT	  

ET	  (proposed)	  



Black	  Hole	  Astronomy	  by	  2030	  
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Black	  Hole	  Astronomy	  by	  2030	  
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Sensi-vity	  and	  Black	  Hole	  Science	  



AEI	  Sensi-vity	  Calculator	  

•  Beta	  version	  („Symposium	  preview“)	  
•  4,	  6	  and	  24	  link	  configura-ons	  
•  electronic	  and	  op-cal	  design	  proper-es	  
•  op-mal	  beam	  waist	  and	  local	  laser	  power	  
•  influence	  of	  thermal	  noise	  on	  op-cs	  and	  electro-‐op-cs	  

	  

Try	  it	  outside	  and	  get	  the	  link	  to	  the	  online	  tool.	  



All	  Binary	  Black	  Holes	  cross	  eLISA	  band:	  
Trace	  Galaxy	  Mergers	  
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eLISA	  Black	  Hole	  Physics	  at	  high	  SNR	  

36	  

•  BBH	  rest	  mass	  104	  –	  107	  

•  Out	  to	  redshir	  	  z	  >>	  10	  

•  10	  –	  100	  events	  per	  year	  

•  Redshired	  mass	  to	  0.1%-‐1%	  

•  Absolute	  spin	  to	  0.01-‐0.1	  

•  Luminosity	  distance	  	  1	  –	  50	  %	  

•  Sky	  loca-on	  1°	  -‐	  10	  °	  



Extreme	  Mass	  Ra-o	  Inspirals	  
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•  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	  Rela-vity	  

•  Boson	  Stars,	  Gravastars,	  non-‐Kerr	  solu-ons	  (Manko-‐
Novikov)	  

– Devia-ons	  from	  General	  Rela-vity	  
•  Chern-‐Simons,	  Scalar-‐Tensor,	  Light	  scalar	  fields	  (axions)	  
and	  black	  hole	  bomb	  instabili-es	  



eLISA	  as	  Dark	  Mayer	  Probe	  

•  Dark	  Mayer	  spike	  around	  BH	  
changes	  inspiral	  GW	  phase	  

•  Sensi-ve	  even	  to	  non-‐
interac-ng	  Dark	  Mayer	  
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eLISA	  has	  Verifica-on	  Binaries	  

HM	  Cnc	  

SDSS	  J0651	  
AM	  CVn	  HP	  Lib	  

V803	  Cen	   CR	  Boo	  ES	  Cet	  
V407	  Vul	  



STOCHASTIC	  GW	  BACKGROUND	  
•  Wavelength	  of	  primordial	  Gravita-onal	  Waves	  set	  by	  horizon	  

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

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

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

•  Signature	  in	  eLISA	  band?	  
40	  
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ESA‘s	  L2	  and	  L3	  Missions	  
•  Call	  for	  Science	  Themes	  2013	  
•  Selec-on	  of	  Themes	  in	  Nov	  2013	  
•  LISA	  Pathfinder	  launch	  2015	  
•  Launch	  of	  L2	  in	  2028	  -‐	  Athena	  
•  Launch	  of	  L3	  in	  2034	  -‐	  LISA	  
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Details	  in	  SPC	  Document	  
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A	  3	  Stage	  Process:	  	  
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1: 	  Science	  theme	  selec-on	  
2: 	  Mission	  concept	  selec-on	  
3: 	  Mission	  adop-on	  
	  
	  
	  
	  
	  
•  L3	  mission	  concept	  selec-on	  in	  2020!	  
•  Crucial	  technologies	  ready	  by	  2019!	  
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Telescope	  Subsystem	  –	  Heritage	  
•  CFRP	  thermostable	  structures,	  suppor-ng	  
mainly	  Zerodur	  mirror	  substrates	  (abridged	  list)	  
– µm/µrad	  absolute	  accuracy	  and	  stability	  required	  
for	  all	  instruments	  below	  

Instrument	   Models	   Status	  

Gomos	  on	  Envisat	  (LEO)	   2	  FM’s	  +	  1	  QM	   in	  orbit	  since	  2002	  

Cartosat-‐2	  (LEO)	   4	  FM’s	   in	  orbit	  since	  2007	  

Kompsat	  3	  (LEO)	   1	  FM	   in	  orbit	  since	  2012	  

Kompsat	  3A	  (LEO)	   1	  FM	   launch	  in	  2013	  

Seviri	  on	  MSG	  (GEO)	   4	  FM’s	  +	  1	  QM	   in	  orbit	  since	  2002	  

Planck	  reflectors	  (L2)	   1	  FM	  +	  1	  QM	   in	  orbit	  since	  2009	  



Laser	  Subsystem	  –	  Heritage	  of	  TESAT	  
Nd:YAG	  Lasers	  

NGO	  

NFIRE	  (NASA)	  

TerraSAR-‐X	  (Astrium	  GmbH)	  Alphasat	  (Astrium	  SAS	  &	  TAS	  France)	  

Sen-nel	  1	  (TAS	  Italy)	  

Sen-nel	  2	  (Astrium	  GmbH)	  EDRS-‐A	  (Astrium	  SAS)	   EDRS-‐C	  

Reference	  Laser	  Unit	  (RLU)	  

Reference	  Laser	  Head	  (RLH)	  
-‐	  with	  Reference	  Cavity	  



Front	  end	  electronics	  for	  capaci-ve	  
sensing	  and	  actua-on	  

•  LPF	  more	  demanding	  than	  eLISA	  :	  	  
–  actua-on	  along	  the	  measurement	  axis	  adds	  accelera-on	  
noise	  

•  eLISA	  actua-on	  along	  cross-‐axes:	  	  
–  may	  only	  disturb	  sensi-ve	  axes	  because	  of	  misalignments	  
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Front	  end	  electronics	  for	  capaci-ve	  sensing	  
and	  actua-on	  

•  LPF	  must	  only	  meet	  
requirements	  above	  	  
1	  mHz	  

•  eLISA	  must	  meet	  
requirements	  at	  	  
0.1	  mHz	  

FEE	  upgrade	  under	  joint	  
development	  ESA	  SSO	  

52	  

0.1	  mHz	  



Phasemeter	  

53	  

•  European	  development	  (D,	  DK,	  ESA)	  
•  LISA	  phasemeter	  with	  flight	  representa-ve	  
hardware,	  	  full	  performance	  and	  all	  func-ons	  

•  Paper	  with	  algorithm	  details	  published	  

	  



•  Replace	  2	  iden-cal	  signals	  in	  2	  channels	  (a-‐a=0):	  
•  Create	  3	  signals	  with	  a+b+c=0,	  with	  arbitrary	  dynamics	  
•  Has	  been	  done	  digitally,	  our	  setup	  is	  first	  op-cal	  test	  (full	  chain)	  
•  Can	  also	  test	  TDI	  with	  3	  independent	  phasemeters	  
•  Status:	  Func-onal,	  noise	  hun-ng/improvements	  in	  progress	  

Op-cal	  	  Phasemeter	  Test	  



Technology	  Roadmap	  Addi-ons	  
•  Na-onal	  agency	  funding	  
•  Key	  items	  
•  Revisit	  In-‐Field	  poin-ng	  
•  Single	  ac-ve	  proof	  mass	  
•  Schedule	  
•  Complete	  Payload	  Breadboard	  
•  System	  Study	  by	  semi-‐industrial	  ou�it	  	  
•  Have	  a	  Consor-um	  System	  Engineer	  
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New	  Look	  at	  In-‐Field	  Poin-ng?	  
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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	  Antarc9c	  ice	  sheets	  revealed	  by	  GRACE”	  
Geophys.	  Research	  Ley.	  36,	  L19503	  (2009).	  

GFZ	  

Tiwari	  et	  al.,	  “Dwindling	  groundwater	  resources	  in	  northern	  India,	  
from	  satellite	  gravity	  observa9ons”,	  Geophys.	  Research	  Ley.	  36,	  
L18401	  (2009).	  

Groundwater	  loss	  in	  India	   Ice	  mass	  loss	  in	  Greenland	  



GRACE	  Follow-‐On	  Mission	  Approved!	  

•  USA/Germany,	  approved	  in	  Dec	  2011,	  launch	  in	  2017!	  
•  LISA-‐type	  laser	  interferometry	  	  
•  First-‐ever	  intersatellite	  laser	  ranging	  instrument	  (LRI)!	  
	  



Introduc-on	  

61	  

LRI	  Op-cs	  

Sheard	  et	  al.	  :	  
“Intersatellite	  laser	  ranging	  instrument	  for	  the	  GRACE	  follow-‐on	  mission”,	  
	  Journal	  of	  Geodesy,	  2012	  (DOI:	  10.1007/s00190-‐012-‐0566-‐3).	  



LISA	  and	  GRACE	  Follow-‐On	  

LISA	   LRI	  on	  GFO	  

Inter-‐satellite	  distance	   5	  million	  km	   170...270	  km	  

Orbit	   Heliocentric	  (1	  a.u.)	  	   Low	  Earth	  Orbit	  (400…500	  km)	  

Orbit	  environment	   No	  atmospheric	  drag,	  stable	  thermal	  
environment	  

Atmospheric	  drag,	  large	  thermal	  
disturbances	  

A�tude	  and	  Orbit	  Control	  
System	   Drag-‐free	  using	  µN	  thrusters	   A�tude	  control	  with	  magne-c	  torquers	  

and	  cold	  gas	  thrusters	  

Measurement	  band	   100	  µHz	  –	  1	  Hz	   200	  µHz	  –100	  mHz	  

Measurement	  noise	   12	  pm/√Hz	  (×	  freq.	  dep.)	   80	  nm/√Hz	  (×	  freq.	  dep.)	  

Telescope	  aperture	  diameter	   38	  cm	   ≈1	  cm	  

Transmit	  beam	  waist	  radius	   17	  cm	   ≈2	  mm	  

Transmit	  power	   1	  W	   ≈20	  mW	  

Effec=ve	  received	  power	  (at	  
photodetector)	   ≈100	  pW	   ≈100	  pW	  

Maximum	  rela-ve	  L.O.S.	  velocity	   ±15	  m/s	   ≤	  ±3	  m/s	  (depending	  on	  orbits)	  



eLISA	  Lay-‐Out	  

3	  iden-cal	  S/C	  

Add	  3rd	  arm	  	  
through	  	  

interna-onal	  	  
contribu-on?	  
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Interna-onal	  Contribu-ons	  for	  L3	  
•  Must	  not	  be	  mission	  cri-cal	  

– Flight	  equivalent	  must	  exist	  in	  Europe	  
•  Must	  bring	  real	  cost	  savings	  

– Needs	  clean	  interfaces	  
– Minimize	  shadow	  engineering	  required	  in	  ESA	  and	  
Member	  States	  

– Low	  fric-on	  losses	  required	  
•  Ideally	  we	  want	  third	  arm	  back	  

– Has	  implica-ons	  both	  at	  ESA	  and	  Member	  States	  
•  We	  need	  a	  crea-ve	  mix	  of	  contribu-ons	  
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Interna-onal	  Contribu-ons	  
•  What	  is	  noble	  work	  and	  what	  is	  not?	  
•  Easily	  iden-fiable	  S/C	  building	  blocks:	  

–  Launcher	  
–  Propulsion	  modules	  
–  Thrusters	  
–  Pieces	  like:	  Solar	  array,	  power	  supplies,	  bayeries,	  
structures,	  mechanisms,	  star	  trackers,	  TTC,	  antennas	  

•  Easily	  iden-fiable	  Payload	  items:	  
–  Telescopes	  
–  Lasers,	  Modulators,	  reference	  cavi-es	  
–  CCDs,	  Diodes,	  Pre-‐Amps	  
–  Proof	  masses	  
– Actuators	  
–  Electronics,	  USO	  
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Interna-onal	  plans	  for	  space-‐based	  
detectors	  

•  USA	  
–  Scenario	  1:	  Junior	  partner	  in	  eLISA	  	  
–  Scenario	  2:	  NASA-‐led	  mission	  (SGO)	  
–  Technology:	  	  Telescope,	  	  Laser	  system,	  	  Interferometry	  ,	  
Op-cal	  Bench	  technology,	  GRS,	  Charge	  management,	  
torsion	  pendulum	  test	  benches	  

•  China	  
–  Scenario	  1:	  Join	  eLISA	  with	  a	  20%	  contribu-on	  
–  Scenario	  2:	  Develop	  a	  similar	  Chinese	  mission	  
–  Technology:	  Telescopes,	  interferometry,	  GRS	  and	  
torsion	  pendulum	  

•  Japan:	  Decigo-‐Pathfinder	  was	  strong	  candidate	  for	  
a	  small	  mission	  by	  Jaxa,	  not	  selected	  
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Roadmap	  for	  eLISA	  as	  ESA	  L3	  
•  eLISA	  Science	  Theme	  selected	  as	  L3	  in	   	   	  	  2013	  
•  Technology	  Roadmap	  work	   	   	   	  	  2013	  –	  2015	  	  
•  Possibly	  con-nued	  Mission	  Concept	  Study	   	  	  2014	  –	  2015	  
•  Successful	  LISA	  Pathfinder	  flight	  in	   	   	  	  2015	  

–  Assessment	  of	  technology	  status	  
–  Possibly	  addi-onal	  work,	  e.g.	  breadboarding	  
of	  Payload 	  +	  (1	  to	  4)	  years	  

•  Selec-on	  of	  Mission	  Concept	  in	   	   	   	  	  2015	  +	  (1	  to	  4)	  
•  Possibly	  Start	  EQM	  of	  complete	  Payload	   	  	  2015	  +	  (2	  to	  5)	  
•  Start	  of	  Industrial	  Defini-on	  Study	   	   	  	  2015	  +	  (2	  to	  5)	  
•  Start	  of	  Industrial	  Implementa-on	   	   	  	  2015	  +	  (6	  to	  9)	  
•  Launch	  in	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  2015	  +	  (15	  to	  18)	  
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Summary	  
•  LISA	  Pathfinder	  

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

•  All	  crucial	  technology	  needs	  to	  be	  available	  for	  L3	  
mission	  concept	  selec-on	  in	  2020	  

•  Some	  form	  of	  LISA	  will	  fly!	  	  
– Either	  as	  ESA	  L3	  in	  2034	  	  
– Or	  as	  truly	  interna-onal	  collabora-on!	  	  

•  And	  maybe	  even	  earlier!	  
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We	  will	  hear	  the	  Universe!	  
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