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General Relativity

“Mass tells space-time how to curve, 
and space-time tells mass how to 
move.”  J.A. Wheeler
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Rµν −
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gµνR = 8πTµν
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GR Predictions
from 1916-1918

I. Mercury’s perihelion advance
43” / century,  first noted by Urbain Le Verrier in 1859

2. Gravitational deflection of light
Observed by Eddington during the 1919 eclipse, repeated 
in 1922 by Lick Observatory

3. Gravitational redshift
Definitively measured  by the Pound-Rebka experiment in 
1959 using Mössbauer spectroscopy.

4. Gravitational waves
Predicted in 1918, indirectly observed via the orbital 
dynamics of the Hulse-Taylor binary pulsar, 1974
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SpaceTelescope.org/opo9020a
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Gravitational Waves

K. Thorne (Caltech) , T. Carnahan (NASA GSFC)

Perturbations of 

geometry can be 

expressed as fractional 

distortion of proper 

distances:

h = dx/|x|

For varying source 

quadrupole moment Q

h !
2G

3c4r
! ! Q  amplitude  of  wave

! E !
G

45c5
! ! ! Q 2  radiated  power

Flat space w/small 
perturbations:

gµν = ηµν + hµν

( Einstein 1916 / 1918 )

Two plane wave solutions 
as a strain:

h± = Aµν exp (καxα)
= δL/L

for a binary system:

|h| � G2

c4

M1 M2

r

1
R

(for a man-made system,  h ~ 10-47)
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Figure 3. Chirp waveform from an inspiral event of a compact binary system. On the right
hand side the dependency of the waveform on the orbital eccentricity e and the orbital
inclination ι is demonstrated. The plot is taken from Ref.14.

• end point (merger) ⇒ large scale nuclear matter. If the nuclear state
equation of a neutron star is soft the merger may happen earlier due to a
hydrodynamic melting effect. On the other hand the gravitational field
of the companion star may trigger the neutron start to fall into a black
hole before the actual merger.

Calculating waveforms for coalescing compact binaries is straight forward,
if the distance between the two objects is large, but for black hole mergers it
is a formidable challenge. The coalescence of two black holes can be roughly
divided into three phases:

• inspiral: The two black holes are well separated and the waveform of the
emitted gravitational waveform is known,

• merger: The horizons of the two black holes merge together and the
calculation of the exact waveform requires extensive simulations on a
super computer, and

• linear pulsations: The two black holes have merged into a single black
hole in an excited state. The excited state can be treated as a linear
pulsation which decays by emitting gravitational waves.
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PSR 1913+16

Binary NS system
m1~m2~1.4 M 

r = 1.6 x 106 km
Torbit = 8 hr
7.5 kpc from 
Earth

GR prediction 
3mm/orbit

dx/x ~ 1.5 x 10-23 
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Weisberg, Taylor - ASP Conf. Series 2004
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Gravity c. 2011

Black holes
Active Galactic Nuclei
Xray Binaries
Sagittarius A*

Neutron Stars:
Millisecond pulsars
Soft Gamma Repeaters

Gamma Ray Bursts
Long GRBs, core collapse supernova?
Short GRBs, compact binary inspirals?

Cosmology 
Inflation era GWs 
Dark Energy / Dark Matter
Large scale structure formation
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Directly 
observable with 
gravitational 
waves

Accessible with  
GW astronomy
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equation (11), we decompose !4 into spin weight !2 spherical
harmonics and then compute the recoil. That is, one first con-
structs the coefficients !2Clm such that

!4 ¼
X

lm

!2Clm(t; r) !2Ylm(!; ’): ð12Þ

Given these coefficients, the gravitational recoil is given by

dP i

dt
¼

X

lml̄m̄

hl;m j l̄; m̄i; ð13Þ

where hl, m | l̄, m̄i represents the contribution to dP i/dt from the
overlap

hl;m j l̄; m̄i / Re

!
!2Ĉ

%
lm !2Ĉl̄m̄

Z
ni!2Y

%
lm !2Yl̄m̄ d"

"
; ð14Þ

with !2Ĉlm &
R t

!1 !2Clm dt 0. This mode-overlap decomposition
has the advantage that the contributions from different overlap-
ping modes can be studied individually.

There is an important issue to keep in mind when using both
equations (11) and (13) to estimate kicks. It is well known that
initial data in BBH simulations contain spurious radiation. For-
tunately, this radiation does not seem to have a significant effect
on the dynamics of the binary. However, because of the time in-
tegration involved in the kick formulae, the estimates are af-
fected by the spurious radiation. To alleviate this problem, we set
the lower limit in the time integral to be tmin and choose tmin as
the time after which the spurious burst has passed. As an exam-
ple, Figure 1 displays the fluxes of energy dE/dt, linear mo-
mentum dP i/dt, and angular momentum dJ /dt through the
detector at rdet = 30M for the S0.10 case. It is clear from these
rates that there is a spurious burst from the initial data for t <
50M. In particular, note the effect on dP i/dt at early times. The
line at tmin = 60M shows our choice for this cutoff. The precise
choice of tmin is not important, as long as the initial spurious
burst is eliminated and tmin is not too close to the time when the
amplitude of the gravitational wave becomes relevant. Since
we use several locations (‘‘detectors’’) at different radii to com-
pute fluxes, the value of tmin is adjusted as tmin = 30M þ rdet,
where rdet denotes the detector radius. Note the smallness of
dPz/dt from Figure 1. It translates to velocities of(0.2 km s!1;
thus, we do not plot Vz in subsequent figures.

Another important check when computing kicks using equa-
tions (11) and (13) is the dependence of the results on the ex-
traction radius rdet. The kick formulae are in principle valid in the
limit r ! 1, but one applies them at a finite extraction radius
rdet where there is sufficient resolution. Figure 2 shows the recoil
velocity as a function of time computed at different detector
radii, rdet/M = (30, 40, 50). The time dependence of the veloci-
ties has not been adjusted by the lag in arrival times at each de-
tector. Although the effect is small, one can see from Figure 2
that there is a slight sensitivity of the extracted kick velocity to
the location of the detector for the ranges we considered. This
variation is within the error estimates of our kicks. The origin of
this dependence of the extracted kick on the detector location
could be numerical (e.g., outer boundary, mesh refinement in-
terfaces) or due to the redshift and tail effects.4

4. CODE TESTS AND WAVEFORM CONVERGENCE

We have tested that our code produces a sufficient level of con-
vergence for equal-mass, nonspinning BH binaries that we are
confident in the results. In particular, we have carried out exten-
sive tests (D. Shoemaker et al. 2007, in preparation) for the R1 run
from Baker et al. (2006b) and found resolution ranges that yield
between third- and fourth-order convergence. Also as a code test,
we carried out a no-spin, unequal-mass simulation for " = 0.23.
The kick obtained from this run ((130 km s!1) matches that from
González et al. (2007). Because the BBH setups in our present
work have no symmetries, the computational cost of each simu-
lation is high (for our h = M/40 resolution runs, the cost is(44 hr
on 32 CPU cores for a total of about (1400 CPU-hr on a super-
computer), so to demonstrate convergence, our runs were limited
to resolutions h ) M/40. We present convergence results for the
S0.10 case; the other cases exhibit similar behavior.

Figure 3 shows the amplitude of the dominant l = 2, m = 2
mode of !4. The top panel displays the mode at three different
resolutions (h/M = 1/32, 1/35, 1/40). The bottompanel shows the
coarse-medium (‘‘c-m’’) differences and the medium-fine (‘‘m-f ’’)
differences rescaled for second, third, and fourth order. As the plot
shows, this mode converges between third and fourth order. In our
convergence studies for other systems (e.g., equal-mass BHs),
getting closer to fourth-order convergence required at least a
factor of 2 between the coarsest and finest resolutions. Given the
range of resolutions that we are able to employ for the present

Fig. 1.—Fluxes of energy dE/dt, linear momentum dPi/dt, and angular
momentum dJ /dt as a function of time for the S0.10 (a = 0.4) case. The vertical
line at 60M denotes tmin, the lower limit of the time integration used to estimate
kicks, which avoids contamination from the spurious radiation in the initial data.
[See the electronic edition of the Journal for a color version of this figure.]

Fig. 2.—Recoil velocity components V x and V y computed from different de-
tector locations for model S0.10 with resolution h = M/40. The detectors were
located at rdet/M = (30, 40, 50). [See the electronic edition of the Journal for a
color version of this figure.]

4 We thank the anonymous referee for bringing this to our attention.

KICKS FROM SPINNING BLACK HOLE MERGERS 433No. 1, 2007

F. Hermann et al.; ApJ 661 2007M Campanelli et al.  CCRG@RIT

First numerically simulated 
black hole merger in 2005

Exploring spin, mass ratio, 
eccentricity, 3-body etc...
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FIGURE 2. Circular EMRI inspiral waveform. This plot shows waves in the (unrealistic) limit of zero
eccentricity, but includes the effect of radiative backreaction; the upper curve shows the orbital radius as
a function of time, r(t). (The waves shown in Fig. 1 are of sufficiently short duration that the effect of
backreaction is neglected.) This example is for inspiral into a rapidly rotating hole with spin parameter
a = 0.9. Superplotted on this waveform is a “kludge” inspiral as described in Ref. [19] (from which this
plot is taken). As in Fig. 1, the kludge matches the strong-field embarrassingly well.

will play a key role in scoping out and developing LISA EMRI data analysis.

MAPPING SPACETIMES AND TESTING “BLACK-HOLEY-NESS”

Comparing the EMRI waveforms that have been developed to the LISA sensitivity shows
that they can be tools for high precision studies of black holes. Finn and Thorne [20]
showed that, as the small body spirals through the strong field region of the larger
black hole, it executes tens to hundreds of thousands of orbits, taking on the order
of a year to do so. Because so many orbits accumulate over the measurement, one
expects that a fit to a theoretical model will be highly sensitive to small changes to the
model’s parameters, leading to very accurate parameter determination. Indeed, Barack
and Cutler [21] demonstrated using simplified waveform models that LISA should be
able to determine many EMRI parameters with exquisite accuracy. In particular, the
mass and spin of the larger black hole should be determined with fractional errors of
about 10−3 −10−5 (depending upon the detailed nature of the particular EMRI).

Barack and Cutler’s analysis assumes that the background spacetime is a Kerr black
hole. That such amazing precision is possible under this assumption begs the question
of how well we could do if we assume more general spacetimes. In other words, rather

S. Hughes: arXiv:gr-qc/0608140

“test the nature of massive compact 
bodies within general relativity”
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Ultrahigh precision cosmology from gravitational waves
C. Cutler and D Holz    PRD80, 104009

merger) is required to uniquely identify the counterpart
[12,34,35]. Obviating the need for an independent identi-
fication of the counterpart sharply increases the expected
number of usable standard sirens, and hence significantly
improves the accuracy of the cosmological measurements.
Galaxy misidentifications will generally be seen as large
outliers, and thus their influence can be mitigated by the
use of robust statistics, such as the Hough Transform (see,
e.g., Storkey et al. [36])

III. ULTRAHIGH-PRECISION COSMOLOGICAL
PARAMETERS FROM BBO

A. The DL ! z relation

We begin by considering BBO’s measurements of the
luminosity distance-redshift relation (see Fig. 7). This
relation is a direct measure of the evolution history of the
Universe: redshift provides the size of the Universe at
emission, and luminosity distance provides the time since
emission. Thus a precise measurement of this relation is
sensitive to dark energy; indeed, it is this method that
enabled the initial discovery of the accelerating expansion
of the Universe now associated with dark energy.

We consider a fiducial population of 2:5" 105 NS/NS
binaries distributed according to Eq. (2), out to z ¼ 3. We
assume that the distance measurement errors due to detec-
tor noise for each individual binary are those shown in
Fig. 4. Because BBO does such an exquisite measurement
of distance, the errors on the true distance to a given binary
will be dominated by the effects of gravitational-lensing
magnification [37,38]. We incorporate the lensing errors
following the approach of [39], which is entirely appro-
priate given the very high-number statistics we are consid-
ering. For each individual binary we take the dispersion in
flux due to lensing to be given by !lensing ¼ 0:088z (see

Eq. 9 of [39]). We have explicitly checked that this ap-
proach is equivalent to drawing magnification values from
the full, non-Gaussian lensing probability distribution
functions derived in [38]. We assume that the sky localiza-
tion is sufficient for the identification of a unique host
galaxy (and hence redshift) for each binary (as in Fig. 4).
The redshift determination will need to be done indepen-
dently of BBO, in the electromagnetic band. While in
practice there will be some host galaxy misidentifications,
for simplicity in this study we assume that perfect redshifts
have been obtained for all of our sources. (This simplifi-
cation is partly based on our belief that a robust cosmo-
logical parameter-estimation method will substantially
mitigate the effects of a fractionally small set of misiden-
tifications—enough so that in estimating BBO’s perform-
ance, to a first approximation it is reasonable to neglect
them.) We Monte Carlo generate populations of observed
binaries, and then for each population we determine the
best-fit cosmological parameters (varying the number of
free parameters of interest). We repeat this procedure for a
large (> 105) number of runs, and plot the resulting error
contours. In what follows, the 1! contours contain 68.3%
of the best-fit values, and the 2! contours contain 95.5% of
the models.
We follow the common convention of parametrizing the

dark-energy equation of state in the two-parameter form
[40]

wðzÞ ¼ w0 þ wa
z

ð1þ zÞ : (16)

We fit each data set to five cosmological parameters: the
Hubble constant H0 ¼ h" 100 km=s=Mpc, the dark-
matter density !m, the dark-energy density !x, and the

FIG. 7 (color online). Distance versus redshift for a sample
BBO binary population. Distance is shown as distance modulus,
and includes both BBO errors and gravitational lensing. The red
curve is the true luminosity distance-redshift relation. Notice that
lensing causes a small number of binaries to become tremen-
dously magnified (to lower distance modulus), but there is a
lower limit to the amount of demagnification.

FIG. 6 (color online). Number of galaxies in the BBO error
cube, as a function of redshift. Even in the worst case, there is
less than one galaxy within 1! of a given binary on the sky, and
therefore it should be possible to robustly identify the unique
host galaxy.

CURT CUTLER AND DANIEL E. HOLZ PHYSICAL REVIEW D 80, 104009 (2009)

104009-8

dark-energy phenomenological parameters w0 and wa. As
is standard in assessing the power of proposed cosmology
missions, we include a forecasted Planck CMB prior,
which constrains the angular diameter distance at z ¼
1080 to 0.01%, and constrains !mh

2 to 1% [41,42].
Figure 8 shows the resulting constraints on h and !m,

assuming our fiducial population of binaries, and a 5-
parameter fit to the data. We find that BBO will measure
the Hubble constant to "0:1%, even when marginalizing
over two dark-energy parameters. For comparison, the best
current estimate of H0 is 74:2# 3:6 km= sec =Mpc (so
"5% uncertainty) [43,44]. It is to be noted that, if we fit
the data to a "CDM model (e.g., setting w0 ¼ $1 and
wa ¼ 0), we determine the Hubble constant to "0:025%.
As emphasized in [44], precision measurements of the
Hubble constant can be a key component of dark-energy
studies; BBOwould provide the most precise measurement
of H0 that has ever been contemplated.

In addition to the Hubble constant, BBO will directly
constrain the dark-energy equation of state. Figure 8 shows
the BBO constraint on w0 and wa, for our fiducial binary
sample, with the inclusion of Planck CMB priors. We find a
"0:01 constraint on w0 and a "0:1 constraint on wa. We
note that we have not assumed a flat Universe in these fits,
nor do we incorporate any other cosmological measure-
ments (beyond Planck). For comparison, we consider the
stage IV dark-energy missions (supernovae, baryon acous-
tic oscillations, and weak lensing), as listed by the dark-
energy task force [45], representing the state of the art in
future dark-energy missions. The combination of all stage
IV missions improves the task-force figure-of-merit by a
factor 8 to 15 with respect to stage II missions (see pp. 18–
20 and pp. 77–78 of [45]). For comparison, BBO finds an
equivalent figure-of-merit enhancement of "100, roughly
an order of magnitude better than all of the stage IV
missions, combined. It is also to be emphasized that there
are still fundamental concerns regarding possible system-

atic errors in all of the stage IV missions, and thus their
combined figure-of-merit is undoubtedly optimistic. As
discussed above, we expect the systematic errors associ-
ated with BBO measurements to be negligible, as it should
be possible to build BBO such that calibration errors are
much smaller than "10$4.

B. Weak gravitational lensing and growth of structure

In addition to providing precision measurements of the
fundamental cosmological parameters (H0, !m, !k, w0,
and wa), BBO will also directly measure the effects of
gravitational lensing, and thus place strong constraints on
the primordial dark matter power spectrum, PðkÞ, and the
growth of structure. The growth of inhomogeneities is
particularly sensitive to gravity, and thus is a powerful
way to constrain theories that modify gravity as an alter-
native to assuming a dark-energy component [46–48].
One of the most powerful ways to measure the growth of

density perturbations is through gravitational-lensing shear
maps. This is done by observing the shapes of large num-
bers (" 109) of background galaxies, and measuring the
subtle correlations in the shapes of these galaxies due to the
shear from gravitational lensing. The shear power spec-
trum at any redshift is sensitive not only to the distances
between observer, lens, and source (and thus, to the dark-
energy component), but also to the distribution of lenses.
This lens distribution is a direct measure of the dark-matter
power spectrum as a function of redshift, which is in turn
sensitive to the growth function of perturbations, and thus
the gravitational force [49,50].
BBO would provide definitive measurements of the

gravitational-lensing convergence power spectrum, com-
parable to state-of-the-art proposed measurements of the
lensing shear power spectrum. BBO measures an absolute
luminosity distance to each of the"105 binaries. The error
on this measurement is almost entirely dominated by the
effects of gravitational-lensing magnification. Once the

FIG. 8 (color online). Top: Measurement accuracy of the Hubble constant, h, and the dark-matter density,!m. The solid and dashed
curves map the 1! and 2! contours, respectively. The red star denotes the true underlying model. Bottom: Measurement accuracy of
the dark-energy equation-of-state parameters w0 and wa.
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3x105 mergers

w(z) = w0 + wa
z

1 + z

simulation of NS/NS binaries w/ WMAP5 cosmology 
as detected by the Big Bang Observer 2nd 
generation satellite mission

Distance 
modulus
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Constraining the Properties of Supermassive Black Hole Systems 
Using Pulsar Timing:  Application to 3C 66b, Jenet, Lommen, Larson 
and Wen (2004) ApJ 606:799-803. 

Data from Kaspi, Taylor, Ryba 1994 

Orbital Motion in the Radio Galaxy 3C 66B: Evidence for a 
Supermassive Black Hole Binary  Sudou, Iguchi, Murata, Taniguchi 
(2003) Science 300: 1263-1265.  

Simulated residuals due to 3c66b 
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Figure by P. Demorest (see arXiv:0902.2968)

N ~20 pulsars 

h ~ σrms/Τ 
~ 100 ns/5 years 
~ 10-15

f ~ (10-6 – 10-9 Hz)
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PIRE and IPTA

Partnerships for 
International 
Research and 
Education

$6.5M / 5yr NSF 
award for NanoGrav 
and the IPTA

Actively seeking 
collaborators:

www.ipta4gw.org
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Kip Thorne c. 1970
image from KipFest 2000
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GW in Space

“LISA promises to open a completely new window 
into the heart of the most energetic processes in 
the universe, with consequences fundamental to 
both physics and astronomy.” -National Academy

20

lisa.nasa.gov

National Academy’s 2008 “Beyond Einstein”
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LISA 

LISA interferometry

! Partition of measurements
– measure distance between spacecraft

– measure distance between spacecraft and inertial reference

– ensure that inertial reference follows a purely gravitational orbit

18

LISA technology and instrumentation 6

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

S/C to S/C measurement

Figure 4. Partition of the LISA measurement. Each measurement between
two test masses is broken up into three different measurements: two between
the respective test mass and the spacecraft and one between the two spacecraft.
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.

Extending the phase-locking scheme to include a phase-locked loop (PLL) between
the two lasers on one spacecraft, it is obvious that all six lasers can be phase-locked
to one (arbitrarily chosen) master laser. Such a scheme requires of 9 individual phase
measurements, two for each arm and one each between the two lasers on a single
spacecraft. In addition each measurement of the test masses with respect to the
optical bench requires another 6 phase measurements, so that a total of 15 phase
measurements carry the complete information on the gravitational waves.

2. Optical system

The optical system of LISA contains all the optical components and their support
that are needed for the interferometry. More specifically, each spacecraft comprises
one optical assembly (figure 6, lower row) that consists of two units each (figure 6,
upper row), each made up from the optical bench, the telescope, and the gravitational

reference sensor as well as the associated mounting structures.
The optical bench is mounted parallel to the primary mirror of the telescope,

requiring a non-planar beam path, where the light from the optical bench to the
telescope has to be directed “up” to the telescope.

The Gravitational Reference Sensor (GRS) is mounted behind the optical bench
so that the light from the optical bench to the GRS has to pass through the optical
bench (“down”), resulting in a non-planar beam path as well.

2.1. Optical bench

The required functionality of the optical bench (figure 7) causes a relatively complex
optical bench (figure 8).

The primary laser (2W at end of life, see section 3) provides the light to be
sent to the far spacecraft, the reference beam for the science interferometer, and the
measurement beam to the local interferometer, the reference interferometer and the
metrology for the point-ahead mechanism (PAAM, see sec. 2.1.3). A small portion of

Thursday, 20 May 2010

LISA capabilities

Sensitivity

The sensitivity  of LISA is shown in Figure 2-5 together with a comparable sensitivity  curve 

for the future ground-based Advanced LIGO.  Sensitivity over a logarithmic frequency interval is 

shown here in terms of the dimensionless strain 
�

f
�

Sh( f )  (where 
�

Sh( f )  is the 1-! level of 

strain noise spectral amplitude), in order to facilitate comparison with the much higher measure-

ment frequencies of LIGO.  The LISA sensitivity curve divides into three regions: a low-

frequency region where proof-mass acceleration noise dominates, a mid-frequency region where 

shot noise and optical-path measurement errors dominate, and a high-frequency region where the 

sensitivity curve rises as the wavelength of the GW becomes shorter than the LISA armlength.   

Additionally, a diffuse background of unresolved galactic binaries is expected to contribute to the 

measured strain level in the frequency range from 0.1 - 1 mHz; this component is indicated in 

Figure 2-5.

Figure 2-5 illustrates also the different astrophysical sources that LISA will study, contrasted 

with those studied by  ground-based interferometers such as LIGO.  In general, a ground-based 

  LISA: PROBING THE UNIVERSE WITH GRAVITATIONAL WAVES

!

PAGE 22

Figure 2-5:  Strain sensitivities predicted for LISA and Advanced LIGO.  The curve is plotted in 

units of (
�

fSh(f) ), where Sh(f)  is the LISA noise power spectrum with
�

Sh(f)  representing the 1-! 

noise level.  The units of (
�

fSh(f)) are the natural units for plotting sensitivity  per logarithmic fre-
quency interval.
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LISA is dead...
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April 8, 2011. Based on discussions with the European Space Agency 
(ESA) at the recent ESA-NASA bilateral meeting, we can provide the 
following information concerning LISA.

LISA was competing with X-ray and outer-planets missions for the L1 
opportunity in ESA's Cosmic Vision Programme (2015-2025). The U.S. 
decadal survey rankings and NASA's constrained out-year resources, as 
projected in the President's FY12 Budget Request, have led ESA to 
conclude that none of the three mission concepts were feasible within the 
Cosmic Vision L1 schedule. 

ESA has ended the study of LISA and the other concepts as partnerships 
at the scale proposed in the New Worlds New Horizons decadal survey 
(NWNH). ESA has [...] Revised mission concepts from the three science 
areas will be considered in a selection process commencing in February 
2012.

http://lisa.jpl.nasa.gov/
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... Long live LISA

- ESA, with the LISA Science Working Team, will 
review potential changes to the mission:

- mission requirements: sensitivity; orbits; arm 
length; duration; operations;

- architecture: mothership/daughtership; 2 arm
- payload: optical complexity; single/double TM; 
- propulsion module: based on selected orbit
- launch vehicle: single/multiple launch scenario

- LISA Pathfinder will continue

- NASA space interferometry will continue 

23

http://sci.esa.int/
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LISA Pathfinder

24

M Hewitson, LPF, GWADW, 24th May 2011

LPF x-axis measurement

8

Tuesday, May 24, 2011

Single spacecraft

Demonstrate:
LISA inertial reference
Drag-free control
micro-Newton thrust

LTP ground tests exceed 
requirements

Launch 2014

M Hewitson, LPF, GWADW, 24th May 2011 11

Tuesday, May 24, 2011

M Hewitson, LPF, GWADW, 24th May 2011 14

Tuesday, May 24, 2011
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Rainer Weiss (top) and Ronald Drever with a 
Weber bar at the LIGO Hanford Observatory, 2002
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~ 1 mW

L = 10m

28

GW 0.01

Michelson, Morley 1887
Albert A. Michelson

30 cm

0.02  = 20 nm
h ~ 2 x 10-9 
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Laser

ETM

ITM

BS
PRM

4 km

FIIO

MC

ETM = End test mass

ITM = Input test mass

BS = 50/50 beamsplitter

PRM = Power recycling mirror

MC = Mode cleaner

FI = Faraday isolator

IO = Input optics

AS = Anti-symmetric port

PO = Pick-off port

REF = Reflection port

ASPOREF

1
0
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5
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0
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W

RF length detector

RF alignment detector

Quadrant detector

Figure 1: Optical and sensing configuration of the LIGO 4 km interferometers. The IO block

includes laser frequency and amplitude stabilization, and electro-optics modulators. The inset

photo shows a test mass mirror, in its suspension, prior to installation in the vacuum system. The

near face is the high-reflecting surface, through which one can see mirror actuators arranged in

a square pattern near the mirror perimeter.

cavity (mode cleaner, MC), which provides a stable, spatially pure beam; additional filtering of

laser noise; and serves as an intermediate reference for frequency stabilization.

The interferometer optics, including the test masses, are fused silica substrates with multi-

layer dielectric coatings, manufactured to be extremely low-loss. The substrates are polished so

that the surface deviation from a spherical figure, over the central 80 mm diameter, is typically

less than a few angstroms, and the surface microroughness is also less than a few angstroms.

The absorption level in the coatings is generally a few parts-per-million (ppm) or less, and the

total scatter loss from a mirror surface is estimated to be 20-30 ppm.

The main optical components and beam paths–including the long arms–are enclosed in an

ultra-high vacuum system (10−8 − 10−9
torr) for acoustical isolation and to reduce phase fluc-

tuations from light scattering off residual gas. The 1.2 m diameter beam tubes contain multiple

baffles to trap scattered light.

Each optic is suspended as a pendulum by a loop of steel wire. The position and orienta-

tion of an optic can be controlled by electromagnetic actuators: small magnets are bonded to

4

Initial LIGO

29

250 W
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10 W Nd:YAG 
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Seismic isolation
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Thermal noise
Mechanical equivalent of 

Cryogenic Laser 
Interferometer Observatory

- Located in Kamioka
- 100 m arm lengths
- Sapphire masses
- Operate at 20K

Reduce thermal noise from
- Mirror coatings
- Suspension wires

33

CLIO Cryogenic Suspension

GWADW2011 (23 May 2011 La Biodola, Isola d'Elba, Italy)

Triple pendulum in cryostat
Sapphire test mass:  2 kg,  100 x t60 mm

Pure Al wire
0.5 400mm

H1

H2H3

Sapphire TM
100 t60mm

v2
n = 4kbTR
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CLIO sensitivity

GWADW2011 (23 May 2011 La Biodola, Isola d'Elba, Italy)

T.Uchiyama
GWADW2010

Sensitivity improvement with cryogenic operation
Seems to be Sapphire mirror thermo-elastic noise 

NB:  Low vibration Pulse tube refrigerators and 
cryostats developed at KEK

Monday, June 13, 2011



Waldman 
TIPP Chicago

June 2011

LIGO-G1100727-V1

Squeezing at GEO

35
Monday, June 13, 2011



Waldman 
TIPP Chicago

June 2011

LIGO-G1100727-V1

3.5 dB squeezing
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PRELIMINARY 
Oct. 2010

(from H. Grote, GEO600 
submitted to Nature)

Squeezed 
vacuum
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Observing Campaigns
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Advanced LIGO
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SRM

MC3

ITMX

ITMY

ETMY

ETMX

Input 
Mode

Cleaner

Output
Mode

Cleaner

AS

SR2

SR3

PR3

PR2PRMMC1

MC2

• Increased power
• Improved isolation
• Stable recycling cavities
• Signal recycling
• DC readout

• Installation began 
October 20, 2010

Active isolation & 
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Advanced Virgo
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Upgraded
Optics
Suspension
Laser

Sensitivity 
consistent w/ aLIGO

Installation 
scheduled w/ aLIGO 
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MIrror suspended from  monolithic 
fused-silica suspension

Developed at Glasgow University, 
tested at MIT

Video filmed March 2010, inspired by 
Virgo 
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Predicted schedule:
January 2011: Deconstruction
January 2013: One IFO installed
January 2014: Two IFOs installed
January 2015: Install complete
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Observation Rates

44

Predictions for the rates of compact binary coalescences observable by ground-
based gravitational-wave detectors
Classical and Quantum Gravity  27 (2010) 173001 

NS-NS NS-BH BH-BH

Rate
(MWEG−1 yr−1)

100 1000
1 3 100

0.05 0.4 30
0.01

iLIGO
(yr−1 )

0.02 0.2
2×10−4 0.004 0.1

7×10−5 0.007 0.5
2×10−4

aLIGO
(yr−1 )

40 400
0.4 10 300

0.2 20 1000
0.4

1
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Worldwide Network
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LHO

LLO Virgo/AdV

GEO

LIGO-
Australia

LCGT

2x
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LIGO Australia
3rd aLIGO detector in Western 
Australia at Gingin (near Perth)

Australia (ACIGA) provides all the 
infrastructure - buildings, 
vacuum, clean rooms and staff

No new cost or delay to NSF/LIGO

Approved by NSF, under 
consideration by Australian 
funding agencies

LIGO Australia could be 
online 2017

46

HHLV

AHLV

18 deg2

4 deg2

Fairhurst CQG 2011
Monday, June 13, 2011
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LCGT Funded

47

LCGT

GWADW2011 (23 May 2011 La Biodola, Isola d'Elba, Italy)

LCGT (Large-scale Cryogenic Gravitational-wave Telescope)

Large-scale Detector
Baseline length: 3km
High-power Interferometer

Cryogenic interferometer
Mirror temperature: 20K 

Underground site
Kamioka mine,

1000m underground

LCGT
Next-generation GW detector in Japan

Project led by ICRR @ U 
Tokyo

Large Cryogenic 
Gravitational wave Telescope

Proposal includes:
3 km arms
Super attenuators
Quiet seismic environment
Underground 
20 K mirror & suspension

http://gw.icrr.u-tokyo.ac.jp/lcgt/
Monday, June 13, 2011
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Einstein Telescope

• Design study supported under 
Programme Framework 7

• Concept presented May 20, 
2011:
•10km, triangular 
geometry
•Subterranean, ultra-low 
seismic environment
•Dual HF, high power/ LF, 
cryogenic design

• Construction ~2018 - 2025

48

ET Design Study

ET-0106A-10
issue : 3 pre–release
date : May 13, 2011
page : 19 of 452

1.4 Layout of the observatory

Figure 12: Artistic view of the arrangement of buildings, access shafts
and underground caverns.

As a consequence of the extremely de-

manding seismic requirements the Einstein

Telescope will be located underground at

a depth of about 100m to 200m and will,

in the complete configuration, consist of

three nested detectors, each in turn com-

posed of two interferometers. Selecting the

geometry of an equilateral triangle, where

each side of the triangle is simultaneously

used by two detector arms, allows to deter-

mine the polarisation of the gravitational

wave and optimises the usage of the tun-

nels. The topology of each interferometer

will be the dual-recycled Michelson lay-

out with Fabry-Perot arm cavities. An

artist’s impression of the Einstein Tele-

scope is shown in figure 2.

Underground seismic measurements at

eight different European locations have

been performed within this design study

and additional measurements from exter-

nal sources have also been evaluated. Sat-

isfactory seismic performance has been

found in several locations.

For the final site selection long-term seis-

mic noise measurements including seasonal

effects like variable wind speeds and ocean

wave height need to be made, and other

nonscientific factors of influence (e.g. po-

litical, financial, interest of local parties,

vicinity to research institutions) have to

be included in the decision process.

The sensitivity curve shown in figure 7

gives the sensitivity for a single detector

with 10 km arm length and an angle of 90◦

between the arms. This is done for better comparison with the existing detectors and their ‘advanced’ versions.

ET will in fact have three 10 km detectors and the angles between the arms will be 60◦. The resulting sensitivity

in comparison with a single 90◦ detector depends on the source location in the sky and its orientation, as the

angular antenna pattern (see figure 161) and the polarization dependence (independent in the triangular case)

influence the signal strength differently for different detector layouts. On average the sensitivity of the triple

60◦ detector is slightly better than a single, optimally oriented 90◦ one.

http://www.et-gw.eu/
Monday, June 13, 2011
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1.3 Layout of the detector

Figure 5: Sensitivities of gravitational wave detectors from the first to
the third generation.

The sensitivity of gravitational wave de-
tectors improved considerably from the
bar detectors to the first generation of
interferometric detectors, which are cur-
rently being upgraded to the ‘advanced’
generation. The corresponding sensitivi-
ties are shown in figure 5. In order to
achieve the scientific goals stated above,
the sensitivity in comparison to the sec-
ond generation of gravitational wave de-
tectors must be improved by about an or-
der of magnitude over the entire detec-
tion frequency band ranging from 10Hz
to about 10 kHz. Frequent observation
of low-frequency sources, e.g. intermediate
mass black holes, requires an extension of
the detection range towards lower frequen-
cies.
The initial sensitivity goal for the Einstein
Telescope, estimated at the start of the De-
sign Study, as shown in figure 5, was driven
by the need to get frequent high Signal to Noise Ratio (SNR) events for routine gravitational wave astronomy.
The high-frequency sensitivity was given by the maximum power feasible, the mid-frequency range was governed
by thermal noises and the low-frequency range by either thermal or seismic noises. The initial estimates have
been refined during the design study and finally resulted in the sensitivity shown in figure 13.

1.3.1 Size, shape and layout

The conceptual design of a project of this financial scale (see table 212) has to be based on well proven and
experimentally tested techniques. To achieve the sensitivity that the Einstein Telescope project aims for, on the
other hand, it will be necessary to exploit all state-of-the-art technologies and drive them to their physical limits.

Figure 6: Three nested detectors in a triangu-
lar arrangement will form the final
Einstein Telescope geometry.

This sensitivity can only be reached by significantly increasing
the size of the detector beyond the size of currently available in-
struments (i.e. 3 km for Virgo and 4 km for LIGO) and going to
an underground location, where the seismic noise is lower than
at the surface. Only by increasing the arm length to 10 km can
the influence of unavoidable displacement noises be lowered to a
tolerable level.
In its final construction stage the Einstein Telescope will con-
sist of three nested detectors, which will be arranged in a tri-
angular pattern as shown in figure 6. In contrast to the tradi-
tional L-shaped geometry of the first and second generations of
gravitational wave detectors this arrangement is equally sensi-
tive for both polarisations of the gravitational wave. Addition-
ally it shows a more isotropic antenna pattern compared to the
L-shaped detectors, as shown in figure 16. The overall frequency
range covered will reach from a few Hertz to about 10 kHz.

Each individual detector in turn will comprise two interferometers, one specialised for detecting low-frequency
gravitational waves and the other one for the high-frequency part. The sensitivity goal for each interferometer

1G

2G

3G
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Future is bright

50

IPTA could see stochastic GW and 
SMBH in 5-10 years

LISA technology on orbit in 2014, 
spacecraft interferometry in 2015 

1st generation detectors 
operated at design sensitivity 
through 2010

Virgo+ and GEO-HF upgrades now 
taking data

2nd gen. aLIGO 50% complete and 
on schedule, adVirgo under 
design. Earliest Science 2015

Chance for 6 (!!) 2nd generation 
detectors online 2018
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