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Goal of Trade Studies
Science potential of a detector with regard to:

Detector sensitivity
Where is the low-frequency “wall” in sensitivity?

Detector topology
Geometrical configuration, optical layout, △Vs. Ⅼ

Site selection
All detectors at the same site, widely separated detectors, how many 3Gs?

ET mock data challenge
ET will contain many overlapping sources

What is the value of current algorithms in disentangling sources?
What new algorithms do we need?
There could be an event every ten seconds!

Signals will be long-lived
Need to correct for Doppler modulation due to detector motion
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Coalescences of
IMBH binaries

as sources for the
future

ET detector

IMBH binaries as
seen by the GW
detectors
The (disputed)
existence of IMBHs
Modeling BBH
coalescence
Event rates of IMBH
binaries
Summary and
Conclusions

ET opens a window in the intermediate-mass region
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! As total mass of the system increases, BBHs merge at lower frequencies
! Shown are the ISCO (r = 6M), Light ring (r = 3M) and Lorentzian ringdown

(after merger) frequencies of equal-mass (η = 0.25) and 1:10 (η = 0.08)
binary systems

[
η ≡ m1m2(m1+m2)2

]
! While LIGO’s efforts are targeted towards stellar-mass binaries, LISA will see

mergers of supermassive BBHs (and also IMBHs’ inspirals)
! ET will open a window in the intermediate-mass region 102 − 104M#
! IMRIs and IMBH-IMBH binaries. In this talk: IMBHBs!
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ET Could Observe Seed Black Holes 
Depending on Where the Cutoff Is

6Slide from Santamaria

Wednesday, 19 May 2010



Volonteri, Salvaterra & Haardt 2006

Can ET distinguish b/w seed black 
hole models?

Models for mass distribution and accretion 
history could differ greatly

HM, equal mass seeds (EMS): all BHs have mass of 
M=150 M⊙ and accrete at Eddington rate a mass that 
scales as the fifth power of the halo circular velocity
VHM, seed mass distribution (SMD): as above, but 
now BH seeds have a flat distribution of masses from 
30-600 M⊙

calk: Eddington rate varies with redshift
hopk: Eddington rate varies with AGN luminosity
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ET seed merger event rate

Three 60 degree detectors

One 10km detector
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ET seed merger events with SNR>5
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ET seed mergers " e!ect of cut o!
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Effect of lower frequency cutoff on λg bounds
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FIG. 12: Left panel: Bounds on the graviton Compton wavelength that can be deduced from
AdvLIGO, Einstein Telescope and LISA. The mass ratio is 2. The distance to the source is
assumed to be 100 Mpc for AdvLIGO and ET, and 3 Gpc for LISA. Right panel: Possible bounds
from ET when 1 Hz and 10 Hz are used as seismic cut-offs.

the form vg ≈ 1− (λ/λg)2, where λg is the Compton wavelength of the graviton, in the limit
where λ # λg. Irrespective of the nature of the alternative theory that predicts a massive
graviton , it is reasonable to expect the differences between such a hypothetical theory and
general relativity in the predictions for the evolution of massive compact binaries to be of
order (λ/λg)2, and therefore to be very small, given that λ ∼ 103 km for stellar mass inspirals
and ∼ 108 km for massive black hole inspirals.

As a result, the gravitational waveform seen by an observer close to the source will be very
close to that predicted by general relativity. However, as seen by a detector at a distance
D, hundreds to thousands of Mpc away, the phasing of the signal will be distorted because
of the shifted times of arrival, ∆t ∼ D(λ/λg)2 of waves emitted with different wavelengths
during the inspiral. In addition to measuring the astrophysical parameters of the system,
such as masses and spins, the matched filtering technique permits one to estimate or bound
such effects.

Here we examine the bounds possible from the observations of binary black holes by
ET [21]. As our waveform model we begin with amplitude-corrected, general relativistic
waveforms which are 3PN accurate in amplitude [20, 54, 55, 233] and 3.5PN accurate in
phasing [49–51, 53, 82, 87]. We ignore the spins of the bodies in the binary system. Previous
calculations used waveforms which are of Newtonian order in amplitude and 2PN order in
phase. As opposed to the Newtonian waveforms, the 3PN amplitude-corrected waveforms
contain all harmonics from Ψ up to 8 Ψ, where Ψ is the orbital phase (the leading quadrupole
component is at 2Ψ).

The effect of a massive graviton is included in the expression for the orbital phase following
Ref. [243]. The wavelength-dependent propagation speed changes the arrival time ta of a
wave of a given emitted frequency fe relative to that for a signal that propagates at the
speed of light; that time is given, modulo constants,by

ta = (1 + Z)

[
te +

D

2λ2
gf

2
e

]
, (3.2)

 Arun and Will (2009)
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Effect of lower frequency cutoff on 
measurement of  non-linear effects?
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Mishra, et al arXiv:1005.0304
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FIG. 4: Plots showing the variation of relative errors ∆ψT /ψT in the test parameters ψT=ψ3, ψ4, ψ5l, ψ6, ψ6l, ψ7 as a function of total mass M
for stellar mass black hole binaries (with component masses having mass ratio 0.1) at a luminosity distance of DL = 300 Mpc observed by

ET, using both RWF (left panels) and FWF (right panels) as waveform models. The choice of the source orientations is the same as quoted

in Fig. 3. The noise curve corresponds to the recent ET-B sensitivity curve. Top panels correspond to the lower frequency cutoff of 1 Hz.

By using FWF as the waveform model all ψk’s except ψ4 can be tested with fractional accuracy better than 2% in the mass range 11-44M!.

Bottom panels correspond to the lower frequency cutoff of 10 Hz. Using FWF, all ψk’s except ψ4 can be tested with fractional accuracy better
than 7% in the mass range 11-44M!.

termediate mass BBHs using ET. In addition to this we will

discuss some other key issues influencing the results such as

effects of PN systematics on the test, choice of parametriza-

tion and dependence of the test on angular parameters.

1. Stellar mass black-hole binaries

Fig. 4 plots the relative errors ∆ψT /ψT as a function of total
mass M of the binary at a distance of DL = 300 Mpc. We have

considered stellar mass BBHs of unequal masses and mass ra-

tio 0.1, with the total mass in the range 11-44M!. Fig. 4 also
shows two types of comparisons: (a) Full waveform (FWF) vs

Restricted waveform (RWF), (b) a lower frequency cutoff of

10 Hz vs 1 Hz. The top and bottom panels correspond to the

lower frequency cutoff of 1 Hz and 10 Hz, respectively, while

the left and right panels correspond to the RWF and FWF, re-

spectively. The source orientations are chosen arbitrarily to be

θ = φ = π/6, ψ = π/4, ι = π/3. It should be evident from the
plots that the best estimates of various test parameters are for

the combination using the FWF with a lower cutoff frequency

of 1 Hz. In this case, all ψ′
i
s except ψ4 can be measured with
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FIG. 4: Plots showing the variation of relative errors ∆ψT /ψT in the test parameters ψT=ψ3, ψ4, ψ5l, ψ6, ψ6l, ψ7 as a function of total mass M
for stellar mass black hole binaries (with component masses having mass ratio 0.1) at a luminosity distance of DL = 300 Mpc observed by

ET, using both RWF (left panels) and FWF (right panels) as waveform models. The choice of the source orientations is the same as quoted

in Fig. 3. The noise curve corresponds to the recent ET-B sensitivity curve. Top panels correspond to the lower frequency cutoff of 1 Hz.

By using FWF as the waveform model all ψk’s except ψ4 can be tested with fractional accuracy better than 2% in the mass range 11-44M!.

Bottom panels correspond to the lower frequency cutoff of 10 Hz. Using FWF, all ψk’s except ψ4 can be tested with fractional accuracy better
than 7% in the mass range 11-44M!.

termediate mass BBHs using ET. In addition to this we will

discuss some other key issues influencing the results such as

effects of PN systematics on the test, choice of parametriza-

tion and dependence of the test on angular parameters.

1. Stellar mass black-hole binaries

Fig. 4 plots the relative errors ∆ψT /ψT as a function of total
mass M of the binary at a distance of DL = 300 Mpc. We have

considered stellar mass BBHs of unequal masses and mass ra-

tio 0.1, with the total mass in the range 11-44M!. Fig. 4 also
shows two types of comparisons: (a) Full waveform (FWF) vs

Restricted waveform (RWF), (b) a lower frequency cutoff of

10 Hz vs 1 Hz. The top and bottom panels correspond to the

lower frequency cutoff of 1 Hz and 10 Hz, respectively, while

the left and right panels correspond to the RWF and FWF, re-

spectively. The source orientations are chosen arbitrarily to be

θ = φ = π/6, ψ = π/4, ι = π/3. It should be evident from the
plots that the best estimates of various test parameters are for

the combination using the FWF with a lower cutoff frequency

of 1 Hz. In this case, all ψ′
i
s except ψ4 can be measured with

A factor of 10-60 better estimation of parameters with 
1 Hz lower frequency cutoff as compared to 10 Hz
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Effect of lower frequency cutoff is 
greater in the case of IMBH binaries

13Mishra, et al arXiv:1005.0304

11

50 100 200 300 500 1000

Total Mass (M
O
).

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

R
e

la
ti
v
e

 E
rr

o
rs

!"
3
/"

3
!"

4
/"

4
!"

5l
/"

5l
!"

6
/"

6
!"

6l
/"

6l
!"

7
/"

7

Model:RWF;q
m

=0.1;ET-B;F
low

=1Hz;D
L
=3Gpc

50 100 200 300 500 1000

Total Mass (M
O
).

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

R
e

la
ti
v
e

 E
rr

o
rs

Model:FWF;q
m

=0.1;ET-B;F
low

=1Hz;D
L
=3Gpc

50 100 200

Total Mass (M
O
).

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

R
e
la

ti
v
e
 E

rr
o
rs

Model:RWF;q
m

=0.1;ET-B;F
low

=10Hz;D
L
=3Gpc

50 100 200 300 500 700

Total Mass (M
O
).

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

R
e

la
ti
v
e

 E
rr

o
rs

Model:FWF;q
m

=0.1;ET-B;F
low

=10Hz;D
L
=3Gpc

FIG. 6: Same as Fig.4 but for intermediate mass black hole binaries (with component masses having mass ratio 0.1) at a luminosity distance of

DL=3 Gpc. With lower frequency cutoff of 1 Hz, using FWF as the waveform model, ψ3 and ψ5l can be tested with fractional accuracy better
than 10% for mass range 55-400M!. On the other hand, with a lower frequency cutoff of 10 Hz, using the FWF, ψ3 and ψ5l can be tested with
fractional accuracy better than 10% for the mass range 90-220M!.

range 55-400 M! with FWF and lower cutoff frequency as 1
Hz. On the other hand, when the lower frequency cutoff is

10 Hz the use of the FWF allows the estimation of ψ3 and ψ5l
with fractional accuracies better than 10% for the total mass in

the range 90-220 M!. As compared to other test parameters,
ψ3 is the most accurately measured parameter in all cases and
best estimated when the low frequency cutoff is 1 Hz. Param-

eters ψ4 and ψ6 are poorly measured as compared to the other
test parameters but again we see the best improvement in the

estimate of ψ4 when using the FWF.

Fig. 7 shows the regions in the m1-m2 plane that corre-

sponds to 1-σ uncertainties in ψ0, ψ2 and the test parameters
ψT = ψ3,ψ4,ψ5l,ψ6,ψ6l,ψ7, one at a time, for a (20, 200) M!

BBH at a luminosity distance of DL=3Gpc observed by ET.

It is clear from the plots that each test parameter is consistent

with the corresponding fundamental pair (ψ0, ψ2).

3. Effects of PN systematics on the test

The inability to measure all the PN parameters simultane-

ously led us to propose a more modest procedure to test the

PN parameters one at a time. In parameter estimation, it seems

intuitive not to ignore our knowledge of the known high PN

order phasing. Further, it is natural to assume that if an al-

ternative theory of gravitation, similar to GR, agrees with GR
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FIG. 6: Same as Fig.4 but for intermediate mass black hole binaries (with component masses having mass ratio 0.1) at a luminosity distance of

DL=3 Gpc. With lower frequency cutoff of 1 Hz, using FWF as the waveform model, ψ3 and ψ5l can be tested with fractional accuracy better
than 10% for mass range 55-400M!. On the other hand, with a lower frequency cutoff of 10 Hz, using the FWF, ψ3 and ψ5l can be tested with
fractional accuracy better than 10% for the mass range 90-220M!.

range 55-400 M! with FWF and lower cutoff frequency as 1
Hz. On the other hand, when the lower frequency cutoff is

10 Hz the use of the FWF allows the estimation of ψ3 and ψ5l
with fractional accuracies better than 10% for the total mass in

the range 90-220 M!. As compared to other test parameters,
ψ3 is the most accurately measured parameter in all cases and
best estimated when the low frequency cutoff is 1 Hz. Param-

eters ψ4 and ψ6 are poorly measured as compared to the other
test parameters but again we see the best improvement in the

estimate of ψ4 when using the FWF.

Fig. 7 shows the regions in the m1-m2 plane that corre-

sponds to 1-σ uncertainties in ψ0, ψ2 and the test parameters
ψT = ψ3, ψ4, ψ5l, ψ6, ψ6l, ψ7, one at a time, for a (20, 200) M!

BBH at a luminosity distance of DL=3Gpc observed by ET.

It is clear from the plots that each test parameter is consistent

with the corresponding fundamental pair (ψ0, ψ2).

3. Effects of PN systematics on the test

The inability to measure all the PN parameters simultane-

ously led us to propose a more modest procedure to test the

PN parameters one at a time. In parameter estimation, it seems

intuitive not to ignore our knowledge of the known high PN

order phasing. Further, it is natural to assume that if an al-

ternative theory of gravitation, similar to GR, agrees with GR
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Simultaneous Observation with LISA: 
Depends on lower-frequency cutoff
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Angular Resolution Greatly Improves with 
Detector Baseline: HHLV

15Slide from S. Fairhurst
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Angular Resolution Greatly Improves with 
Detector Baseline: AHLV
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Breaking Localization Degeneracy:  
An Example from LIGO-South Study
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Probability density for 
      HHLV                               AHLV
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Breaking  Distance-Orientation Degeneracy: 
An Example from LIGO-South Study
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Probability density for 
      HHLV                               AHLV
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Pointing accuracy for different 
geometrical configurations

Ongoing effort to make a systematic 
comparison
Example of sky map
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