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アウトライン

B F Schutz                            05.09.16
Albert Einstein Institute/Cardiff University LISA Science after GW140915 and LPF

2016 CHANGED EVERYTHING

• LIGO proved: 
• that GWs exist (if you didn’t believe binary pulsars!)
• that laser interferometry can detect them
• that black holes behave dynamically as GR predicts
• that even the first GW detection provides science surprises
• and that the public are wowed by it all!

• LPF showed:
• that the LISA technology is viable
• that the LISA community’s experimental team is top quality!

• This was reinforced by the strong endorsement to ESA from the GOAT.
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aLIGO – GW150914 –

Observation of Gravitational Waves from a Binary Black Hole Merger

B. P. Abbott et al.*

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 × 10−21. It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
than 5.1σ. The source lies at a luminosity distance of 410þ160

−180 Mpc corresponding to a redshift z ¼ 0.09þ0.03
−0.04 .

In the source frame, the initial black hole masses are 36þ5
−4M⊙ and 29þ4

−4M⊙, and the final black hole mass is
62þ4

−4M⊙, with 3.0þ0.5
−0.5M⊙c2 radiated in gravitational waves. All uncertainties define 90% credible intervals.

These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.

DOI: 10.1103/PhysRevLett.116.061102

I. INTRODUCTION

In 1916, the year after the final formulation of the field
equations of general relativity, Albert Einstein predicted
the existence of gravitational waves. He found that
the linearized weak-field equations had wave solutions:
transverse waves of spatial strain that travel at the speed of
light, generated by time variations of the mass quadrupole
moment of the source [1,2]. Einstein understood that
gravitational-wave amplitudes would be remarkably
small; moreover, until the Chapel Hill conference in
1957 there was significant debate about the physical
reality of gravitational waves [3].
Also in 1916, Schwarzschild published a solution for the

field equations [4] that was later understood to describe a
black hole [5,6], and in 1963 Kerr generalized the solution
to rotating black holes [7]. Starting in the 1970s theoretical
work led to the understanding of black hole quasinormal
modes [8–10], and in the 1990s higher-order post-
Newtonian calculations [11] preceded extensive analytical
studies of relativistic two-body dynamics [12,13]. These
advances, together with numerical relativity breakthroughs
in the past decade [14–16], have enabled modeling of
binary black hole mergers and accurate predictions of
their gravitational waveforms. While numerous black hole
candidates have now been identified through electromag-
netic observations [17–19], black hole mergers have not
previously been observed.

The discovery of the binary pulsar systemPSR B1913þ16
by Hulse and Taylor [20] and subsequent observations of
its energy loss by Taylor and Weisberg [21] demonstrated
the existence of gravitational waves. This discovery,
along with emerging astrophysical understanding [22],
led to the recognition that direct observations of the
amplitude and phase of gravitational waves would enable
studies of additional relativistic systems and provide new
tests of general relativity, especially in the dynamic
strong-field regime.
Experiments to detect gravitational waves began with

Weber and his resonant mass detectors in the 1960s [23],
followed by an international network of cryogenic reso-
nant detectors [24]. Interferometric detectors were first
suggested in the early 1960s [25] and the 1970s [26]. A
study of the noise and performance of such detectors [27],
and further concepts to improve them [28], led to
proposals for long-baseline broadband laser interferome-
ters with the potential for significantly increased sensi-
tivity [29–32]. By the early 2000s, a set of initial detectors
was completed, including TAMA 300 in Japan, GEO 600
in Germany, the Laser Interferometer Gravitational-Wave
Observatory (LIGO) in the United States, and Virgo in
Italy. Combinations of these detectors made joint obser-
vations from 2002 through 2011, setting upper limits on a
variety of gravitational-wave sources while evolving into
a global network. In 2015, Advanced LIGO became the
first of a significantly more sensitive network of advanced
detectors to begin observations [33–36].
A century after the fundamental predictions of Einstein

and Schwarzschild, we report the first direct detection of
gravitational waves and the first direct observation of a
binary black hole system merging to form a single black
hole. Our observations provide unique access to the

*Full author list given at the end of the article.
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LPF – LISA pathfinder –

Sub-Femto-g Free Fall for Space-Based Gravitational Wave Observatories:
LISA Pathfinder Results
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Spectrum of Electromagnetic wave
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Spectrum of gravitational wave
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Outline

LISA / eLISA

LISA pathfinder

DECIGO

B-DECIGO
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LISA / eLISA
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Laser Interferometer Space Antenna
Joint ESA/NASA mission 

to detect and observe low- frequency gravitational waves 
f = 0.1 mHz ... 100 mHz

3 drag-free S/C in a heliocentric orbit 
trailing the Earth by 20° (50 million km) 

Distance between satellites 5 million km 
pm accuracy measurement through laser interferometry 
Reference masses on geodesics 

Classic LISA – Mission overview –

Earth

20deg
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Classic LISA – Mission overview –
Baseline : 5,000,000km = 5Gm
Test mass : ~2kg
Light source : 2W – 1064nm
20cm telescope
3 S/C in triangular formation
Optical transponder interferometry
Test mass to test mass measurement : 

Test mass to SC
SC to SC

Combine 6 links on ground
Time Delay Interferometry
Launch with Ariane-V
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Classic LISA – History –
1992 : Proposed as M3 mission in Horizon 2000
1996 : Cost reduction to 3 S/C  
1998 : Pre-Phase A report
2011 : LISA Redefinition study for ESA L1

Mission concept : NGO (eLISA)

2012 : ESA L1 SPC Decision -JUICE 
2013 : New ESA Call for Large Missions L2 and L3
2013 : Selected as Science Theme for ESA L3

L2 : ”The Hot and Energetic Universe” Athena in 2028
L3 : “The Gravitational Universe” eLISA in 2034

2015 : LPF launch
2016 : Call for L3 mission

LISA 1st LISA-DECIGO Workshop, Sagamihara, 12/13 November 2008 6

93 94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18

Dec 1993: LISA(G) proposed as cornerstone to Horizon 2000+
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eLISA: Astrophysics and cosmology in the millihertz regime

end spacecraft 2corner spacecraft

end spacecraft 1

end spacecraft 2corner spacecraft

end spacecraft 1

PLL

Test masses
Laser

science measurement

local laser comparison

Figure 2: The constellation of the three eLISA spacecraft constitutes the science instrument. The central spacecraft
harbors two send/receive laser ranging terminals, while the end spacecraft has one each. The laser in the end spacecraft
is phase-locked to the incoming laser light. The blue dots indicate where interferometric measurements are taken. The
sketch leaves out the test mass interferometers for clarity.

Measurement S/C to test mass Measurement S/C to test mass

S/C to S/C measurement

Figure 3: Partition of the eLISA measurement. Each measurement between two test masses is broken up into three
di↵erent measurements: two between the respective test mass and the spacecraft and one between the two spacecraft
(S/C). As the noise in the measurement is dominated by the shot noise in the S/C-S/C measurement, the noise penalty for
the partitioning of the measurement is negligible. The blue (solid) dots indicate where the interferometric measurements
are taken.

8 of 81

eLISA – Mission overview –
evolving LISA 
Baseline : 1,000,000km（1Gm）
1 interferometer
2 optical links
Launch with Soyuz
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eLISA – Orbit –
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eLISA – Mission requirement –
Displacement noise : 1.2 x 10-11 m/rHz
Acceleration noise : 3.0 x 10-15 m/s2/rHz
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eLISA – Science case –
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eLISA – Science case–
Compact white dwarf binaries (CWDs)

Some 103-4 are expected to be resolved over107 Galactic binaries

Compact neutron-star and black-hole binaries 
Next to NS/NS binary system

Massive black hole binaries (MBHBs)
Cosmological merger history of MBH
Dynamics of galaxy formation and evolution

Extreme mass ratio inspirals (EMRIs)
Precise map of the spacetime geometry of the SMBH

Gravitational wave backgrounds
astrophysical or cosmological nature, like BWD
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eLISA – Perspective –

2016 : eLISA design/mission not selected yet
Options analyzed by Gravitational Wave Advisory Team (GOAT) 

2016 : Call for mission concepts for L3
2017 : Mission proposal
2020 : Phase-A completed
2022 : Technology matured
2024 : Phase-B1 completed
2034 : Launch as L3 @ ESA

+14 months to orbit

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'X'Athena'
•  Launch'of'L3'in'2034'X'LISA'

45'
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eLISA – Options –
Arm length L= 1, 2, 5 Gm
Low-frequency noise at the LISA requirement level of LPF or10 times worse
4 or 6 links 
2 or 5 year mission
Laser power of 0.7 W or 2 W 
Telescope mirror size of 25, 28 or 40 cm

Armlength L= 1, 2, 5 Gm (A1, A2, A5)!

Low-frequency noise at the LISA requirement level of LISA 
Pathfinder (N2) or 10 times worse (N1)!

4 or 6 links (L4, L6), 2 or 5 year mission (M2, M5)!

Laser power of 0.7 W for A1 and 2 W for A2 and A5; telescope 
mirror size of 25 cm for A1, 28 cm for A2, 40 cm for A5.               
2W laser and 40 cm telescope improve high-frequency performance

Options for the eLISA design

From !
Klein EB et al 2015
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eLISA – aLIGO+LPF Impact –

B F Schutz                            05.09.16
Albert Einstein Institute/Cardiff University LISA Science after GW140915 and LPF

LIGO + LPF: IMPACT 

• The GW game has changed
• Strong international interest: NASA, JAXA, China
• Strong motivation for bringing L3 closer
• Strong motivation for doing a 3-arm, 6-link mission
• Realisation that there is joint science to be done by 

ground-based and space-based observatories
• Confirmation that GW observations do astronomy as 

well as probe the fundamental nature of spacetime
4
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LISA Pathfinder
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LISA pathfinder – Concept –
Technology demonstration for LISA 

Test of most of the local measurement (95 % of noise)
Same hardware/processes with LISA to carry them at TRL 8-9.
In-orbit consolidation test for our physical model of free fall

ESA spacecraft 
European Payload Mission (LISA Technology Package : LTP)
NASA Payload Mission (Disturbance Reduction System : DRS)
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LISA pathfinder – Concept –
One LISA link inside a single spacecraft
2 Test masses
4 interferometers
Satellite chases one test mass
Second test-mass forced to follow the first

LISA Pathfinder concept

LISA Pathfinder as differential accelerometer 
11
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LISA pathfinder – Mission requirement –
LPF amplitude requirement relaxed : single spacecraft experiment more noisy
Frequency requirement relaxed to cut down ground testing time
Interferometer requirements to allow for margin and to match LISA sensitivity range

LISA and LISA Pathfinder disturbance acceleration 
requirements 

•! LPF amplitude requirement relaxed because single spacecraft 
experiment more noisy 

•! Frequency requirement relaxed to cut down ground testing time 
•! Interferometer requirements to allow for margin and to match LISA 

sensitivity range 

Zürich 05-09-2016 S. Vitale 15 
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LISA pathfinder – The LTP –
Test masses gold-platinum, 46mm, highly non-magnetic
Electrode housing
UV light : neutralize the cosmic ray charging
Caging mechanism
Vacuum enclosure
Ultra high mechanical stability optical bench
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M Hewitson, LPF OMS, LISA Symposium, Zurich, 2016

The 4 Interferometers of the OMS

11

X12 Interferometer 

Measures position 
and orientation of 

TM2 w.r.t. TM1

LISA pathfinder – Interferometer –
4 Interferometers of the Optical Metrology System 

X1 Interferometer : Measures position and orientation of TM1  
X12 Interferometer : Measures position and orientation of TM2 w.r.t. TM1   
Reference Interferometer : Measures phase fluctuations common to both optical fibers 
Frequency Interferometer : Measures fluctuations of laser frequency
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eA little bit of history…

15

2002

2006
2011

2015

2004

1998

The LISA Technology Package 
(LTP) was delivered in May 
2015

LISA pathfinder – History –
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LISA pathfinder – Launch –

2015.12.3 @ Guiana Space Centre, Kourou
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Zürich 05-09-2016 S. Vitale 22 Zürich 05-09-2016
P. McNamara talk 

Currently in NASA-DRS operation. LTP extension 
granted to May 31, 2017 

Orbit raised via 6 apogee raising manoeuvres
Transfer to Lagrange Point (L1) took ~50 days 
Separation of propulsion module on 2 February
Final Orbit : 

500,000km x 800,000km around L1
Orbital Period of 6 months

LISA pathfinder – Journey to L1 –
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LISA pathfinder – Timeline –
2015.12.3 : Launch of LISA Pathfinder
2016.1.11 : Switch-on of the LISA Technology Package
2016.2.2 : Release of test mass launch locks and opening of venting valve
2016.2.15 & 16 : Test mass release → free floating test masses
2016.2.18 : Alignment of the laser interferometer
2016.2.22 : First entry to Science Mode
2016.3.1 : Start of Science Operations
2016.6.25 : End of LTP Science Ops & start of DRS Ops
2016.6.27 : DRS Commissioning, Phase 2
2016.12 : End DRS Operations, start extended mission
2017.5 : End of mission 
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LISA pathfinder – Noise budget prior to launch –
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LISA pathfinder – Acceleration noise spectrum–May 16-18, 2016.  

•! System continuously vented to outer space 
•! Pressure gone further down 

Zürich 05-09-2016 S. Vitale 35 

Thermal noise due to residual gas
Unidentified noise
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System vented to space 62 days after launch: 
pressure still dominated by outgassing 

Zürich 05-09-2016 S. Vitale 36 

Temperature variations 
due to DRS operations 

R. Dolesi and W. Weber talks 

LISA pathfinder – Residual gas effect –
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Simulated LISA acceleration signal  for two 5#105 M� black-holes with their galaxies 
merging at z=5 

LISA Pathfinder acceleration data  

Zürich 05-09-2016 S. Vitale 48 

LISA pathfinder – Expected LISA signal –
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DECIGO
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DECIGO – The idea –
DECi-hertz Interferometer Gravitational wave Observatory

Seto, Kawamura and Nakamura, PRL87, 221103(2001)
Bridges the gap between LISA and terrestrial detector
Low confusion noise  à Potentially high sensitive instruments

10-18

10-24

10-22

10-20

Frequency [Hz]

St
ra

in 
[H

z -1
/2
]

10–4 10–2 100 102 104

10–26

10–24

10–22

10–20

10–18

10–16

Frequency   [Hz]

St
ra

in
   

[1
/H

z1/
2 ]

Terrestrial Detectors  
(aLIGO, KAGRA,AdVirgo …)

DECIGO

LISA
(àeLISA)

Fig. by Ando



Barcelona, Spain / 16-20 June, 200823 Sep. 2016 @ 宮崎大学木花キャンパス日本物理学会 2016 秋期大会

DECIGO – Pre-conceptual design –

Interferometer topology
Differential FP interferometer
Three interferometers for redundancy
Drag-free controlled S/Cs

Constellation
4 interferometer units
2 overlapped units  à Cross correlation
2 separated units    à Angular resolution

Interferometer parameters
Arm length:               1000 km
Mirror diameter :         1 m
Mirror mass:              100 kg
Laser wavelength： 515 nm
Laser power:             10 W
Finesse:                     10
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DECIGO – Science case –

Fig. by Ando
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DECIGO – Access to very beginning of the Universe –

DECIGO band is open window 
for direct observation of the early universe.

Kuroyanagi+, PRD (2009)

Pablo, PRD (2011)  

Fig. by Ando, rev.
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B-DECIGO
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B-DECIGO – Revised Roadmap –

Fig. by Kawamura, rev.
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B-DECIGO – Pre Conceptual Design –
Mission Requirement

Strain sensitivity of 2x10-23 Hz-1/2 at 0.1Hz.
3-years observation period.

Conceptual Design
Laser interferometer by 3 S/C
Baseline : 100 km 
Laser source : 1W, 515nm
Mirror : 300mm, 30kg
Drag-free and Formation flight.
Record-disk orbit around the earth:
Altitude 2000km, Period ~120min (Preliminary).

Pre-DECIGO
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B-DECIGO – Sensitivity Curve –

T. Nakamura et al., Prog. Theor. Exp. Phys. 093E01 (2016)
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B-DECIGO – Science Case –
Inspiral of Compact Binaries

High rate ~106 binaries/yr.
Estimation of binary parameters and merger time.
Astronomy by GW only and GW-EM observations.

Inspirals and Mergers of IMBHs     
Cover most of the universe.
Formation history of SMBH and galaxies.

Foreground Understandings for DECIGO 
Parameter estimation and subtraction of binaries.
Characteristics of foreground
Is the any eccentric binaries?
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B-DECIGO – Observable Range –
30M⨀ BBH Merger : 100 Gpc (z>10) range

with SNR~8 (optimal direction/polarization).
Fig. by Ando, rev.
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B-DECIGO – Compact Binaries –
BBH

Observable range ~Tpc
Detection Rate will be ~ 4 x104 -106 evevts/yr
Possible to identify the origin of BBH 

Pop-III, Pop-I/II, or Primordial BH.

BNS
Range for BNS is ~2Gpc
Higher rate expected.

With low-freq. GW observations, longer observation
Improved parameter estimation accuracy with lager cycle number (~105) : 
Localization, Merger time à Alerts for GW-EM.  
Mass, Distance, Spin à Origin and nature of BBH.

T. Nakamura et al., Prog. Theor. Exp. Phys. 093E01 (2016)
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Conclusion

aLIGO observed GW150914 

LISA pathfinder exceeds expectations

Strong motivation for LISA

Strong motivation for DECIGO / B-DECIGO
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