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The Gravitational 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

La.!_ ch date 13s NOW been stable atJuIy 2015'\
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LISA and LISA PATHFINDER
at the

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

Karsten Danzmann

Max Planck/lnstitute for Gravitational Physics
(Albert Einstein Institute) and University Hannover

on behalf of the LISA Science Team
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LISA in 2004: Getting Real!

o ~Z'I-l»"_ISA 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
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E Improving Daily Life Protecting the Environment
Multimedia - Related links
& E

ESA Multimmedia gallery » ' ESA Science

Mational galleries Critical decisions on Cosmic Yision ' Eddington overview
Media Centre 7 November 2003 ' Bepicolombo overview
Press Releases ESA PR 75-2003. At its 105th meeting, on 5/6 Novermber, ESA's ' LISA overview

T S —— V- , Science Programme Committee (SPC) made important decisions
| concerning the Cosmic Vision programme. Due to the current financial
ESA Television exigencies and an outlook with no budget increase or other relief, the

m SPC was forced to cancel the Eddington mission and rescope the

el EreEn BepiColombo mission.

Eublications *  Eddington had two aims, both remarkable and very pertinent to front-

Frequently Asked line astronomical interests, The first was to look for Earth-like planets

Questions *  outside our solar system - one of the key goals in the search to

ESA-sponsored understand how life came to be, how it is that we live where we doin

Conferences » the universe and whether there are other potential life-supporting

Help , environments 'out there'. At the same time it was going to follow the

- - path that the ESA-NASA mission SOHO had taken with the Sun of

Legal disclaimer ¥ using astroseismology to look 'inside’ stars. In the longer term, the

Subscribe » loss of this one mission will not stop ESA and the scientific community

Contact Us , pursuing the grand quests to which it would have contributed.

Search ) ) o

o Al The loss of the BepiColombao lander is also hard to take scientifically.
ESA, in conjunction with the Japanese space agency, JAXA, will still

(¢ ESA Home put two orbiters around Mercury but the ‘ground truth’ provided by the
lander is a big loss. However, to land on a planet so near the Sun is

I GOI no small matter and was a bridge too far in present circumstances,

Advanced Search R and this chance for Europe to be first has probably been lost,

The origins of the problems were recoanised at the ESA Council
meeting held in June. Several sudden dermands on finance occurred in
the spring, the most obvious and public being the unforeseen Ariane 5
grounding in January, delaying the launches of Rosetta and Smart-1.
A temporary loan of EUR 100 million was granted, but must be paid
back out of present resources by the end of 2006,
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ConTerenees » e urmyeTrse aiitd WIelhieT ieTe are ULUmeT puteritgar re=suppurtirmy
environments 'out there'. At the same time it was going to follow the

EslE - - ' path that the ESA-NASA mission SOHO had taken with the Sun of

Legal disclaimer ¥ using astroseismology to look 'inside’ stars. In the longer term, the

Subscribe » loss of this one mission will not stop ESA and the scientific community

Contact Us , pursuing the grand quests to which it would have contributed.

Search ) ) S

o Al The loss of the BepiColombao lander is also hard to take scientifically.
ESA, in conjunction with the Japanese space agency, JAXA, will still

(¢ ESA Home put two orbiters around Mercury but the ‘ground truth’ provided by the
lander is a big loss. However, to land on a planet so near the Sun is

I GOI no small matter and was a bridge too far in present circumstances,

Advanced Search R and this chance for Europe to be first has probably been lost,

The origins of the problems were recognised at the ESA Council
meeting held in June. Several sudden dermands on finance occurred in
the spring, the most obvious and public being the unforeseen Ariane 5
grounding in January, delaying the launches of Rosetta and Smart-1.
A temporary loan of EUR 100 million was granted, but must be paid
back out of present resources by the end of 2006,

ESA's SPC was therefore caught in a vice. Immediate mission starts
had to be severely limited and the overall envelope of the programme

A long and painful discussion during the SPC meeting resulted in the
conclusion that only one new mission can be started at this time,
namely LISA Pathfinder, the technical precursor to the world’s first
gravitational wave astronomical observatory, LISA, The LISA mission
itself (to be carried out in cooperation with the United States) i1s
scheduled for launch in 2012,

has to adapt constantly to the available funding as well as respond to
the expectations of the scientific commmunity, and to technological
developments. Within these boundaries, the decisions made by the
SPC try to maximise the outcome of Cosmic Vision across disciplines,
keeping it challenging and at the same time affordable. Nonetheless,
there are many European scientists with ambitions that exceed the
programme’s ability to respond.



There were Problems to be solved ’

e But not on the new and challenging items....

 The motor was wrong on the caging

— Flight models of new design delivered
in April 2013

— New assembly technique passed
Qualification review on August 28, 2013 °
FMs delivered in November 2013 .

* We needed new p-Newton thrusters

— Cold gas thrusters and electronics can be
used identical to Gaia,
to be delivered in fall of 2014
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Superb Optical Performance on Groundg

Optical metrology

performance at hot/cold

confirmed.

- Test mirror translation
noise <6 pm/sqrtHz

- Test mirror rotational noise
<1 nrad/sqrtHz

test mass distance [m/Hz'?)

O R 1 12 R 1 AR s WA 1
In-orbit performance * " e N "’
eXPECted to be better than in & Proliminary LPF OSTT Dwe of OME Pariermanso (tnereugh oste anolysis pending)
test chamber. O B ' -
5,7.&@” i Y, PBPT
310"
=
g‘lo.a;;
g
o'}
10"._5
10

13th Mar frequency [Hz]

10



Expected Mission Performance

— |FO readout

X actuation

- | — Stray forces
| = Total (SCIMCDE 1) |
N Total (free-fall) '
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tested !

* All remaing integration steps successfully practiced

All Payload Hardware delivered and .-

* Launch July 2015 now stable !
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LTP SubContracts
GPRM Calibration
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CVM

ISH 1 & 2 Flight Models

CCU Repair
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CFls
EH1
EH2
ISUK modified
ULU repaired & accepted
2 OB final Qual (Spare)

3 OB final Qual

-->to SCM

-->to ASD

ASD AIT
LCA MAIT preparation
LCA Composite Prep
LCA final Integration

LCA Composite final Integration

Waiting for optical bench 3
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Launch
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Spacecraft tasks to launch (~8months)
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Injection
s Manoeuvre

Large Eclipse Free e
Lissajous Orbit

p Separation
aw

¥-¢

L1

8 hours a day
communication link to
15m ground station Up fo 16 kbps

X Band TM

Station Keeping P
ps

X Band TC

Launch into
elliptical orbit

La u n C h i n 2 O 1 5 Multiple burns raise apogee to 1.3 million km

Lagrange Point L1
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Eesa

SOLAR SYSTEM

Director's Desk

SPC
SSAC
AWG
SEWG
FPAG

SCIENCE OUTREACH RESEARCH ADYANCED CONCEPTS DIRECTOR'S DESK PRODEX : SEARCH

Science & Technology Scidfee Programme
European Space Agency

ASTROPHYSICS FUNDAMENTAL PHYSICS TECHNOLOGY 5 MISSIONS

EURECTOR'?‘;’DESK w

Cosmic Vision 2015-2025
What are the themes for space science?

02 Apr 2004

A call to the European Science Community

Deadline 1 June 2004
Submission Period is Closed

Introduction

This announcement is to invite the community to participate in a Calf
for Themes for Cosmic VVision 2015-2025 to assist in developing the
future plans of the Cosmic Vision programme of the ESA Directorate of
Science. The European Space Agency’s Science Programme
Committee (SPC), the body that oversees the Agency’s mandatory
science activities has indicated that it is time to look further into the
future. In November 2003, the SPC agreed a plan for space science,
Cosmic Vision, for the years 2004-2014, Now the community is asked
to help in developing the Cosmic Vision plan for the ESA Science
Prograrmme for the decade 2015-2025.

10-Jul-2004 20:27:57 UT
Print this Ernail this

SEE ALSO

Purpose and Conclusions of
» the Cross-disciplinary
Perspective Groups (XPG)

DOCUMENTATION
Original letter: Cosmic Vision
2015-2025%
Original letter: Purpose and
Conclusions of the Cross-
disciplinary Perspective Groups
(XPG)
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Unveliling
a Hidden
Universe

Bernard Schutz
for the

LISA International Science Team

bernard.schutz@aei.mpg.de

(Animation: AEI/Milde Science Comm)



But then in March 2011... "

' ]\ nature.com » Publications A-Z index » Browse by subject Search | This site ﬁ‘ » Advanced search
2 New rRow NUne ey )8 soaceom |
. . ign up
a NATURE PUBLISHING GROUP. SC'ENTIF'C ﬁ E-alert sign u ‘
g . . REPLIRTS | B Rssteed |
Now Accepting Submissions! terld PEER-
ZI y DISCIPLINARY REVIEWED zl l Subscribe ‘

Published online 22 March 2011 | Nature 471, 421 (2011) |
doi:10.1038/471421a

Europe makes do without NASA

US budget crisis forces European Space Agency to abandon
plans for joint mission.

DLUrITS Dy neywourus R . R 22 April 2011
The European Space Agency (ESA) is pushing ahead without NASA P

+ European Space Agency support for its next big science mission, as the ongoing US budget + China hopes research centre can quell

+ L-Class missions crunch and competing priorities impose serious constraints on the food-safety fears

« LISA US space agency (see Nature 471, 278; 2011). ESA last week told 22 Aprl 2011

« IXO leaders of three large, or 'L-class', missions that are competing for

funding to revise their proposals by leaving out the substantial US

+« ESIM-Laplace
contribution that had previously been assumed.

This article elsewhere The decnsnon'was made verY reluctantl.y, says David Southwood, + US Mars mission takes pole position
director of science and robotic exploration at ESA. "NASA could not 08 March 2011
‘: Blogs linking to meet our timetable to launch.” « ESA on countdown to flagship mission
this article selection

16



LISA Redefinition Study for LI

* Redesign for ESA-only mission

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

» Build on LISA Pathfinder hardware

» Shorter arms, smaller telescopes,
simpler orbits, less mass

» Can use cheaper launcher

—>Mission Concept called NGO (eLISA)

—>eLISA: evolving LISA
—->NGO: specific incarnation of eLISA for ESA LI selection!



NGO Layout
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r— NGO: Revealing a Hidden

~Universe.

“ e

P

Presentation to SSAC for the L1 selection,
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

s,
\\\&\:‘: esa space science

Space Science EL» More about ESA's
About Space SCIENCE v Cosmic Vision...

ESA's 'Cosmic Vision' »

» Defining the Cosmic Vision

JUICE is Europe’s next large science

Science & Technology in- » ' Missions beyond

depth mission imagination
| Multimedia_______| 2 May 2012 Bk iicion
Science images R PR 13 2012 - Ju,plters icy moons are the' + ESA's Cosmic Vision
= = focus of Europe’s next large science mission, workshop 2004
clence vieeos ' ESA announced today. » Plans for the future
Animations » = SR
Downloads » The Jupiter Icy moons Explorer — JUICE - ow a mnsmn IS chose
Sounds from space R was selected over two other candidates: Related '""‘5 -
Medi nt NGO, the New Gravitational wave » More on Cosmic Vision
Observatory, to hunt for gravitational waves, 2015-2025
Press Releases ’ and ATHENA, the Advanced Telescope for Cosmic Vision 2015-
Press kits ’ High-Energy Astrophysics. 2025: ESApod
ESA Television i ic Visi
R - — ) JUICE is the first Large-class mission chosen & Cosmic Vision
|ces Artist's impression of JUICE  as part of ESA’s Cosmic Vision 2015-2025
Reference Section » programme.
Glossary »
FAQs R It will be launched in 2022 from Europe’s spaceport in Kourou, French

Guiana, on an Ariane 5, arriving at Jupiter in 2030 to spend at least three
years making detailed observations.

Science missions...

I



March 2013: New ESA Call for Large

Eesa

Cosmic Vision
2015-2025

» Cosmic Vision

. Candidate
Missions

» M-class Timeline

» L-class Timeline

The Four Themes
» Planets and Life

» The Solar System
» Fundamental Laws
» The Universe

News

Cosmic Vision
Brochure

CHEOPS
EChO

Missions

SCIENCE PORTAL SCIENCE & TECHNOLOGY RESEARCH

Cosmic Vision 2015-2025 Science Programme
European Space Agency

Y

Call for White Papers for the definition of
the L2 and L3 missions in the ESA Science
Programme

05 Mar 2013

The Director of Science and Robotic Exploration intends to define,
in the course of 2013, the science themes and questions that will
be addressed by the next two Large (L-class) missions in the
Cosmic Vision 2015-2025 plan, "L2" and "L3", currently planned
for a launch in 2028 and 2034, respectively. This process starts
with a consultation of the broad scientific community, in the form
of the current Call, soliciting White Papers to propose science
themes and associated questions that the L2 and L3 missions
should address. The submission deadline for White Papers is 24
May 2013, 12:00 CEST (noon).

17-Mar-2013 14:21:42 UT
Print this

DOCUMENTATION

. Call for White Papers for L2 and
L3

21
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NGO Consortium (NC)

maintained as eLISA Consortium

eLISA Consortium
Instrument-PI (D), Co-Pls (I, F, UK, CH, DK, ES)

Germany

Consortium
Lead

System
Engineering

Phasemeter

France

SE Support
Mechanics

Data Center

Switzerland

GRS Lead
ISS FEE

EH

Vacuum

™
Charge

Wtz ISS Caging

Denmark

Phasemeter

Support

Thermal
Design

Dignostics




THE GRAVITATIONAL UNIVERSE

A science theme addressed by the eLISA mission observing the entire Universe

http://elisascience.org/whitepaper

Among the, roughly, 1000 scientific supporters of the Gravitational Universe science theme, are

GERARDUS ‘T HOOFT Utrecht University (Netherlands), BARRY BARISH Caltech (United States), CLAUDE COHEN-TAN-
NouDJ1 College de France (France), NEIL GEHRELS NASA Goddard Space Flight Center (United States), GABRIELA GON-
ZALEZ LIGO Scientific Collaboration Spokesperson, LSU (United States), DouGLAS GOUGH Institute of Astronomy, Univer-
sity of Cambridge (United Kingdom), STEPHEN HAWKING University of Cambridge, DAMTP (United Kingdom), STEVEN
KAHN Stanford University/SLAC National Accelerator Laboratory (United States), MARK KASevicH Stanford Univer-
sity, Physics Dept. (United States), MICHAEL KRAMER Max-Planck-Institut fuer Radioastronomie (Germany), ABRAHAM
LoeB Harvard University (United States), PIERO MADAU University of California, Santa Cruz (United States), LUCIANO
MA1ANI1 Universita di Roma La Sapienza (Italy), JoHN MATHER NASA Goddard Space Flight Center (United States), DA-
vID MERRITT Rochester Institute of Technology (United States), VIATCHESLAV MUKHANOV LMU Miinchen (Germany),
GI10RGIO PaRis1 Universita di Roma la Sapienza (Italy), STUART SHAPIRO University of Illinois at Urbana-Champaign
(United States), GEORGE SMOOT Universite Paris Diderot (France), SAUL TEUKOLSKY Cornell University (United States),
Kip THORNE California Institute of Technology (United States), GABRIELE VENEZIANO Collége de (France) (France),
JEAN-YVES VINET Virgo Collaboration Spokesperson, OCA Nice (France), RAINER WEIss MIT (United States), CLIFFORD
WILL University of Florida (United States), EDWARD WITTEN Institute for Advanced Study, Princeton (United States), AR-
NOLD WOLFENDALE Durham University (United Kingdom), and SHING-TUNG YAu Harvard University (United States).



NGO Layout as Strawman for eLISA

"\ Heliocentric orbit trailing earth by 209
| Free-floating test masses
Drag-free control
1 Million km arms

20 cm telescopes
2 W lasers
o
2
%

Mother S/C

/



3 ,almost”
identical S/C



Add 3rd arm
through
international
contribution?

3 identical S/C



Optical Assembly

adapted from Classic LISA

Daughters




The Science Instrument !
N

* Provided by eLISA Consortium (D, F, I, UK, ES, CH, DK, NL
* Also providing LISA Pathfinder Instrument

Gravitational
Reference
Sensor (GRS)

S/C mounted

Optical Bench (OB)

) I

[e)



Strawman Mission Scenario

e 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€ international contrib. = 1650 M€ total
e 250 M€ =330 MS = M-Class or Probe @ NASA!

* Going to 3 arms possible with no design change

* Use international contributions for cost risk
mitigation or performance enhancement !



ET (proposed)
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p W ous ey LSST, JWST, EELT

alIGO, aVIRGO, S SKA, Pulsar
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Redshift
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Black Hole Astronomy by 2030
B oo [EBer Y' - : .

9

Redshift

Joint EM-GW
observations

Mass [log M/My]=>



Sensitivity and Black Hole Science 5'

10716 Inspirals Galactic binaries
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_ 1day == EMRI ® verification
§ 1077 - Thour 1 confusion
é : Meot= 10"Mo
@ ] 1 minute
'g 1078 E
-la i
O ]
@
5 1070 3
*5 ]
@©
S |
-
o 1020 =
102 ——
10° 104 1073 1072 107" 1

Frequency (Hz)



) AEl Sensitivity Calculator X

€ > C [} spacegravity.org/tools/sc N =

9 About Presets Mission Instrument Clock Other Temperature #« Cullscreen

Beta version (,,Symposium preview")

4, 6 and 24 link configurations

electronic and optical design properties

optimal beam waist and local laser power

influence of thermal noise on optics and electro-optics

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



All Binary Black Holes cross eLISA band
Trace Galaxy Mergers

C black hole - black hole mergers

space based
16 gravitational wave
observatory
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eLISA Black Hole Physics at high SNR k2

* BBH rest mass 104 — 10’
e Qut to redshift z>> 10

* 10— 100 events per year

PDF(Q)

e Redshifted mass to 0.1%-1%

* Absolute spin to 0.01-0.1

 Luminosity distance 1-50 ‘D%

e Sky location 1°-10°

DF(6Dy.)
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Extreme Mass Ratio Inspirals

Redshifted mass (M, m) Spin (a,)

SNR 20 up to z = 0.7 for 105-105 =

Dozens of events per year 2. it o
MaSS, Spin to 0.1% — 0.01 % 0_/lo(,;‘(ZM/—TJ).Ic:;(An:/::n)V_? o _rb‘ :fl)og?ga.)_:g _T? _IO
Quad ru p0|e moment N Eccentricity at plunge Quadrupole moment L
to < 0.001 M_3G2/c* ‘ I ||I
2 -
Do Black Holes have hair? T ey T e O

— New objects in General Relativity

e Boson Stars, Gravastars, non-Kerr solutions (Manko-
Novikov)

— Deviations from General Relativity

e Chern-Simons, Scalar-Tensor, Light scalar fields (axions)
and black hole bomb instabilities

37



eLISA as Dark Matter Probe

4

* Dark Matter spike around BH '
changes inspiral GW phase . -

 Sensitive even to non-
interacting Dark Matter

Phase difference AY

Frequency f (mHz)

week ending

PRL 110, 221101 (2013) PHYSICAL REVIEW LETTERS 31 MAY 2013

New Probe of Dark-Matter Properties: Gravitational Waves from an Intermediate-Mass
Black Hole Embedded in a Dark-Matter Minispike

Kazunari Eda,” Yousuke Itoh, and Sachiko Kuroyanagi
Research center for the early universe, School of Science, University of Tokyo, Tokyo 113-0033, Japan

Joseph Silk
Institut d’ Astrophysique, UMR 7095, CNRS, Université Pierre et Marie Curie Paris VI, 98 bis Boulevard Arago, Paris 75014, France
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Characteristic strain amplitude

eLISA has Verification Binaries

10-16

10-17 .

10—18
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-I 0—20 :
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Galactic binaries
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STOCHASTIC GW BACKGROUND 5

Wavelength of primordial Gravitational Waves set by horizon
scale at time of emission (with temperature T,):

£, ~10"Hz \/H*(t)x tmm _ ) o-+p, <L
C 1 TeV

eLISA band
— 0.1-100 mHz = 1-1000 TeV (LHC)

— 1 mmscale @ TeV
— 3x10718-3x101%s after the Big Bang

eLISA sensitive to LHC physics
and beyond
— Higgs self-couplings and potential
— Supersymmetry

— Extra dimensions
— Strings

— Dark Energy density = (0.1 mm)*
* Signature in eLISA band?

40



cosmic uision

ESA  SCIENCE & TECHNOLOGY

Missions

+ Show All Missions

Cosmic Vision
2015-2025

+ Cosmic Vision
+ Candidate Missions
+ M-class Timeline

+ L-class Timeline

The four themes

* Planets and Life
+ The Solar System
+ Fundamental Laws

+ The Universe

S-class mission
+ CHEOPS

M-class missions
+ Euclid
+ Solar Orbiter

M-class candidates
+ EChO

© LOFT

* MarcoPolo-R
+ PLATO

+ STE-QUEST

COSMIC VISION

Io
ft

ESA'S NEW VISION TO STUDY THE INVISIBLE UNIVERSE

28 November 2013

The hot and energetic Universe and the search for elusive gravitational waves will be the
Shortcut URL

http://sci.esa.int/jump.cf
m?0id=53259

focus of ESA's next two large science missions, it was announced today.

Both topics will bridge fundamental astrophysics
and cosmology themes by studying in detail the
processes that are crucial to the large-scale
evolution of the Universe and its underlying
physics.

Images and Videos

-

The science theme "the hot and energetic
Universe" was selected for L2 - the second Large-
class mission in ESA's Cosmic Vision science
programme - and is expected to be pursued with
an advanced X-ray observatory.

- 18 Artist's impression
of a galaxy with
outflows and jets

This mission, with a launch date foreseen for 2028,
will address two key questions. How and why does
ordinary matter assemble into the galaxies and
galactic clusters that we see today, and how do
black holes grow and influence their surroundings?

Related Publications

+ Report on science
themes for the L2 and
L3 missions

Black holes, which lurk unseen at the centres of almost all galaxies, are regarded as one of the keys to
understanding galaxy formation and evolution.

The L3 mission will study the gravitational Universe, searching for ripples in the very fabric of space-
time created by celestial objects with very strong gravity, such as pairs of merging black holes.

Predicted by Einstein's theory of general relativity but yet to be detected directly, gravitational waves
promise to open a completely new window on the Universe.

Planned for launch in 2034, it will require the development of a spaceborne gravitational wave
observatory, or extreme precision 'gravitometer’, an ambitious enterprise that will push the boundaries
of current technology.
41



Prepared by the Senior Survey Commuttee
Dr. Cathenne Cesarsky (CEA, Chair)

Prof. Willy Benz (Bem University)

Dr. Sergio Bertolucci (CERN)

Prof. Giovanm Bignamu (INAF)

Dr. Thérése Encrenaz (Meudon Observatory)
Prof. Remhard Genzel (MPE)

Dr. Jason Spyromilio (ESO)

< REPORT OF THE SENIOR SURVEY COMMITTEE Prof. John Zamecki (Open University)
ON THE SELECTION OF THE SCIENCE THEMES
FOR THE L2 AND L3 LAUNCH OPPORTUNITIES
IN THE COSMIC VISION PROGRAMME
Cover umage: An artist’s impression of the environment at the centre of our Galaxy. the Miulky Way

October 2013 Credit: ESA - C. Carreau

Layout: Sapienza Consultmng, United Kingdom

Thas report 1s available onlme at hitp //sc1 esa w




5.1.1. The L2 Science Theme: The Hot and Energetic
Universe
Over the past five decades, compelling evidence has emerged that
black holes are common 1n the Universe, with masses ranging from
stellar remnants (~10 Msun) to supermassive systems (~10° Msun).
Almost every massive galaxy plausibly contains a massive black hole
at its centre, estimated to hold between about 0.015 to 0.06% of the
entire mass of its spheroidal stellar component. These supermassive
black holes appear to have formed ~10—
13 Gyr ago, at about the same time as
their host galaxies. The evolution of the
hosts and their embedded supermassive
lack holes seems to have been closely
connected, probably through energy
exchange and mergers of galaxies
and black holes. This co-evolution of
supermassive black holes and galaxies
is a remarkable and unexpected
discovery, which clearly requires

further exploration.
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H.1.2. The L3 Science Theme: The Gravitational Universe

In our quest for understanding the Universe, gravitational waves are
the most attractive of the observing windows that have not been
exploited yet. The exploration of the Universe with gravitational
waves 1s of the greatest importance to astrophysics and physics alike.
A space observatory can operate at low frequencies, in the range
0.1 to 100 mHz, where sources are plentiful, and since gravitational
waves do not suffer from obscuration, they give access at once to the
whole Universe. Unlike electromagnetic waves, gravitational waves
can probe the early stages of the Universe, before decoupling of
light and matter and emission of the microwave background. The
scientific results from a gravitational wave observatory promise to
yield deep 1nsights into some of the most fundamental mysteries of

physics.
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ESA‘s L2 and L3 Missions

e Call for Science Themes 2013

e Selection of Themes in Nov 2013
e LISA Pathfinder launch 2015

* Launch of L2 in 2028 - Athena
 Launch of L3 in 2034 - LISA
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Details in SPC Document

ESA Unclassified — For official use ESA/SPC(2013)29
Att.:  Annex
ESA/SSAC(2013)7

Paris, 31 October 2013
(Original: English)

EUROPEAN SPACE AGENCY

SCIENCE PROGRAMME COMMITTEE

Selection of the science themes for the 1.2 and 1.3 missions

Summary:

Following the evaluation of the 32 White Papers proposing science themes for the L2 and L3
mission opportunities (currently foreseen in 2028 and 2034), which were received in response to the
Call issued in March 2013, the Senior Survey Committee convened by the Director of Science and
Robotic Exploration has issued its recommendations (in annex to the present document). Based on
these recommendations the Director of Science and Robotic Exploration is herewith proposing to
the SPC the selection of the science themes for the L2 and L3 mission opportunities.
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A 3 Stage Process:
1: Science theme selection

N

Mission concept selection

3: Mission adoption

For the L3 opportunity, contingent on the selection of the proposed science theme “The

gravitational Universe”, the Executive intends to immediately start assessing the status of the

available technologies for the mission concepts proposed in the relative White Paper
on the studies performed for the LISA mission in the past). A key mileston

(which builds
> toward the

implementation of the proposed science theme for the 1.3 opportunity will be the flight of the LISA

Pathfinder mission in 2015.

In keeping with a similar schedule as for the 1.2 mission, a restricted Call for Missions

1ssued later in the present decade (

will be

to be confirmed depending on the evolution of the Programme’s
planning), which will lead to a similar process as for the L2 mission. The Executive intends to
initiate, in coordination with Member States, key technology developments that will enable the

scientific community to respond

to the L3 Call for Missions with mature and technologically

feasible mission concepts.

* L3 mission concept selection in 2020!
* Crucial technologies ready by 2019!
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LISA Ref. : LISA-AEI-RP-6001
Issue :© 1 Date: August 10, 2012
Rev. : 0 Page: 1

eLISA Technology
Roadmap 2012-2015

Document No. LISA-AEI-RP-6001
Report

Prepared by:
Karsten Danzmann, Albert Einstein Institute (AEI) Hannover

Checked by:

Gerhard Heinzel, AEI Hannover
Jens Reiche, AEI Hannover
Michael Trobs, AE|I Hannover

and the eLISA Consortium:

Pierre Binetruy, APC Paris

Monica Colpi, University of Milano Bicocca
Karsten Danzmann, AEI Hannover
Domenico Giardini, ETH Zarich

Allan Hornstrup, DTU Copenhagen
Philippe Jetzer, University of Zrich
Alberto Lobo, IEEC Barcelona

Gijs Nelemans, Radboud University Nijmegen
Bernard Schutz, AE| Potsdam

Tim Sumner, Imperial College London
Stefano Vitale, University of Trento

Harry Ward, University of Glasgow
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 CFRP thermostable structures, supporting

L)

Telescope Subsystem — Heritage

N

(NS

3
4

mainly Zerodur mirror substrates (abridged list)

— um/prad absolute accuracy and stability required

for all instruments below

B

\

Gomos on Envisat (LEO)
Cartosat-2 (LEO)
Kompsat 3 (LEO)
Kompsat 3A (LEO)
Seviri on MSG (GEO)
Planck reflectors (L2)

2FM’'s+1QM
4 FM’s

1FM

1FM

4 FM’s+1 QM
1FM+1QM

in orbit since 2002
in orbit since 2007
in orbit since 2012
launch in 2013

in orbit since 2002
in orbit since 2009




Laser Subsystem — Heritage of TESAT
Nd:YAG Lasers

Reference Laser Unit (RLU)

*  Highly stoble performance for
sclence missions

*  Ronging ond reference source ot
1064nm

*  Lowerhead , Pumpmodl, Control-
unit in cne housing

Reference Laser Head (RLH)
- with Reference Cavity

SPACECOM
PIONEERING WITH PASSION

Sentinel 1 (TAS lItaly)

NFIRE (NASA)

Alphasat (Astrium SAS & TAS France) TerraSAR-X (Astrium GmbH) EDRS-A (Astrium SAS) EDRS-C Sentinel 2 (Astrium GmbH)



Front end electronics for capacitive .-

sensing and actuation (D

* LPF more demanding than eLISA :

— actuation along the measurement axis adds acceleration
noise

e eLISA actuation along cross-axes:
— may only disturb sensitive axes because of misalignments

uN thruster electrical force

drag—free ifo differential ifo
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Phasemeter

* European development (D, DK, ESA)

* LISA phasemeter with flight representative
hardware, full performance and all functions

* Paper with algorithm details published

ADC modules

LISA metrology system — PRELIMINARY noise curves

10.5 MHz signal frequency simulated strong light beat note Ch.0-Ch.1

clock

} olunvial GAanftAne CARAARNS
. g ) = Q

1 pm/vHz requirement with 1/f?
relaxiation below 2.8 mHz

ase noise / linear spectral density (rad/vHz)

Differential ph
o
- [ ®
= ®
S w
o
!

DAG main module

™ . ¢ 2
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Optical Phasemeter Test

¢A~4*¢GM’ ¢4 0

Replace 2 identical 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 optical test (full chain)
Can also test TDI with 3 independent phasemeters

Status: Functional, noise hunting/improvements in progress



Technology Roadmap Additions

National agency funding

Key items

Revisit In-Field pointing

Single active proof mass

Schedule

Complete Payload Breadboard
System Study by semi-industrial outfit
Have a Consortium System Engineer



New Look at In-Field Pointing? .

Telescope Pointing In-Field Pointing

s

Baseline (selected by ESA)




18.and 19.06.2013
AEl Hannover

eLISA Technology Roadmap Actuvutles Germany
"% Kick Off Meeting &..a-.’":._‘_
. .. Progress Meeting #1 -, "

Jens Reiche for the
AEIl eLISA Team

Montag, 24. Juni 13




LISA Technology fOr
Gravity Field Missions




Gravity Recovery and Climate
Experiment (GRACE)

GRACE Mission (UTCSR, GFZ, DLR, JPL). Image credit: NASA
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Tiwari et al., “Dwindling groundwater resources in northern India, Velicogna, “Increasing rates of ice mass loss from the
from satellite gravity observations”, Geophys. Research Lett. 36, Greenland and Antarctic ice sheets revealed by GRACE”
118401 (2009). Geophys. Research Lett. 36, L19503 (2009).

Groundwater loss in India lce mass loss in Greenland



GRACE Follow-On Mission Approved! 5

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

TO OTHER
GRACE SATELLITE




LRI Optics
S E—

Spacecraft 2 \W
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Pe photodiode
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Spacecraft 1 center of rotation

Sheard et al. :
“Intersatellite laser ranging instrument for the GRACE follow-on mission”,
Journal of Geodesy, 2012 (DOI: 10.1007/s00190-012-0566-3).
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LISA and GRACE Follow-0

A

I s 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 atmospherlg drag, stable thermal Atmospher!c drag, large thermal
environment disturbances

Attitude and Orbit Control . Attitude control with magnetic torquers

Drag-free using uN thrusters

System and cold gas thrusters

Measurement band 100 pHz -1 Hz 200 pHz —100 mHz

Measurement noise 12 pm/VHz (x freq. dep.) 80 nm/VHz (x freq. dep.)

Telescope aperture diameter 38 cm =l cm

Transmit beam waist radius 17 cm =2 mm

Transmit power 1w =20 mW

Effective received power (at

photodetector) =100 pW =100 pW

Maximum relative L.O.S. velocity +15 m/s < +3 m/s (depending on orbits)



Add 3rd arm
through
international
contribution?

3 identical S/C



International Contributions for L3 ﬁ
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.
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 Must not be mission critical
— Flight equivalent must exist in Europe
 Must bring real cost savings

— Needs clean interfaces

— Minimize shadow engineering required in ESA and
Member States

— Low friction losses required
* |deally we want third arm back
— Has implications both at ESA and Member States

e \We need a creative mix of contributions



International Contributions

* What is noble work and what is not?
» Easily identifiable S/C building blocks:

— Launcher
— Propulsion modules
— Thrusters

— Pieces like: Solar array, power supplies, batteries,
structures, mechanisms, star trackers, TTC, antennas

* Easily identifiable Payload items:
— Telescopes
— Lasers, Modulators, reference cavities
— CCDs, Diodes, Pre-Amps
— Proof masses
— Actuators
— Electronics, USO



International plans for space-based .-
detectors D

* USA
— Scenario 1: Junior partner in eLISA
— Scenario 2: NASA-led mission (SGO)

— Technology: Telescope, Laser system, Interferometry,
Optical Bench technology, GRS, Charge management,
torsion pendulum test benches

* China
— Scenario 1: Join eLISA with a 20% contribution
— Scenario 2: Develop a similar Chinese mission

— Technology: Telescopes, interferometry, GRS and
torsion pendulum

e Japan: Decigo-Pathfinder was strong candidate for
a small mission by Jaxa, not selected



Roadmap for eLISA as ESA L3

eLISA Science Theme selected as L3 in
Technology Roadmap work

Possibly continued Mission Concept Study
Successful LISA Pathfinder flight in

— Assessment of technology status

— Possibly additional work, e.g. breadboarding
of Payload + (1 to 4) years

Selection of Mission Concept in

Possibly Start EQM of complete Payload
Start of Industrial Definition Study

Start of Industrial Implementation
Launch in

2013
2013 - 2015
2014 - 2015
2015

2015 + (1 to 4)
2015 + (2 to 5)
2015 + (2 to 5)
2015 + (6 to 9)
2015 + (15 to 18)



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 selection in 2020

 Some form of LISA will fly!
— Either as ESA L3 in 2034

— Or as truly international collaboration!
 And maybe even earlier!






