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Setting the scale
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For LISA: 10° < M /M., < 10’
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targets for observation: resonant orbits
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targets for observation: resonant orbits
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What can LIGO see: mass & spin targets
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What can LIGO see: advanced LIGO range

circular-equatorial orbit

100

from Mandel, Brown, Gair, Miller, 2008
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Parameter estimation errors
(1) Two waveform models: “true” (GR) and approximate (AP).

(2) The error Aﬂi == Hﬁf — (921. , in the estimate for
parameter @°is approximately

A0" = [T (0u¢)]7 (0;hap (Obe) )
+[F_1(9bf)]ij (ajhAP (ebf)’hGR(etrue) — hAP(etrue)) 9

where h is the waveform, n is the noise, ( | ) is a noise-weighted
inner product,and ' is the Fisher matrix

F@'j:(ah. @) .
00" | 067
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Parameter estimation errors
(1) Two waveform models: “true” (GR) and approximate (AP).

(2) The error Aﬂi == Hﬁf — H{?r , in the estimate for
parameter @°is approximately

Af" = L7 (6br)]"” (9hap (Bbr)[0)
+[F_1(6bf)]ij (ajhAP (Qbf)‘hGR(Htrue) — hAP (Htrue)) 9

where h is the waveform, n is the noise, ( | ) is a noise-weighted
inner product,and ' is the Fisher matrix
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Parameter estimation errors: progress to date

Barack & Cutler (PRD, 2004) used “analytic kludge”
waveforms:

(1) motion: slowly precessing Keplerian orbits

(2) radiation: post-Newtonian and, quadrupole
approximation (slow motion)

Steve Drasco LISA-France, Nice, 10 November 2009



Barack & Cutler results

S/M? 0.1 0.1 0.1 0.5 0.5 0.5 1 1 1
eLso 0.1 0.3 0.5 0.1 0.3 0.5 0.1 0.3 0.5
A(ln M) 2.6e—4 5.6e—4 5.3e—5 2.Te—4 9.2¢—4 7.7e—5 2.8e—4 2.5e—4 1.5e—4
A(S/M?) 3.6e—5 7.9e—5 4.5¢—5 1.3e—4 6.3e—4 5.le—5 2.6e—4 3.Te—4 2.6e—4

(
A(ln p) 6.8e—5 1.5e—4 7.4e—5 6.8e—5 9.2e—5 1.0e—4 6.1le—5 9.1e—5 1.0e—3
Alep) 6.3e—5 1.3e—4 2.9e—5 8.5e—5H 2.8e—4 3.2e—5H 1.2e—4 1.1le—4 1.6e—4
A(cos \) 6.0e—3 1.7e—2 1.3e—3 1.3e—3 5.8e—3 2.4e—4 6.5e—4 8.de—4 4.Te—4
A(Qy) 1.8e—3 1.7e—3 7.9e—4 2.0e—3 1.7Te—3 7.6e—4 2.1e—3 1.1e—3 6.7e—4
A(Qk) 5.6e—2 5.3e—2 4.7e—2 5.5e—2 5.le—2 4.7e—2 5.6e—2 5.1le—2 4.8e—2
A(Fo 4.0e—1 6.3e—1 3.8e—1 1.0e4+0 6.1e—1 3.9e—1 9.3e—1 3.4e—1 3.9e—1
A(Dy) 2.6e—1 6.7e—1 2.2e—1 1l.4e+0 7.5e—1 2.7e—1 1.5e+0 1.7e—1 3.3e—1
A(ap) 6.2e—1 5.8e—1 5.5e—1 6.3e—1 5.9e—1 5.6e—1 6.4e—1 5.9e—1 5.9e—1
Alln(;/D)] 8.7¢—2 3.8¢—2 3.7¢—2 3.8¢—2 3.7¢—2 3.7¢—2 3.8¢—2 7.0e—2 3.7¢-2
A(to)vo 4.5e—2 1l.1le—1 3.3e—2 2.3e—1 1.3e—1 4.4e—2 2.5e—1 3.2e—2 5.5 —2

TABLE III. Parameter extraction accuracy for inspiral of a 10Ms CO onto a 10°Mgs MBH at SNR=30 (based on data collected
during the last year of inspiral). Shown are results for various values of the MBH’s spin magnitude S and the final eccentricity er,50. The
rest of the parameters are set as follows: tg = trso — (1/2)yr (middle of integration), 49 = 0, &9 =0, 0g = 7/4, p5 =0, A = 7/6, ap = 0,
Ok = 7m/8, ¢ = 0.
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Barack & Cutler results

S/M? 0.1 0.1 0.1 0.5 0.5 0.5 1 1 1
€LsSO 0.1 0.3 0.5 0.1 0.3 0.5 0.1 0.3 0.5
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A(ep) 6.3e—5 1.3e—4 2.9e—5 8.5e—H 2.8e—4 3.2e—5H 1.2e—4 1.1le—4 1.6e—4
A(cos \) 6.0e—3 1.7e—2 1.3e—3 1.3e—3 5.8e—3 2.4e—4 6.5e—4 8.de—4 4.Te—4
A(y) 1.8e—3 1.7e—3 7.9e—4 2.0e—3 1.7e—3 7.6e—4 2.1e—3 1.1e—3 6.7e—4
A(Qk) 5.6e—2 5.3e—2 4.7e—2 5.5e—2 5.le—2 4.7e—2 5.6e—2 5.1le—2 4.8¢—2
A(Fo 4.0e—1 6.3e—1 3.8e—1 1.0e4+0 6.1e—1 3.9e—1 9.3e—1 3.4e—1 3.9e—1
A(Dy) 2.6e—1 6.7e—1 2.2e—1 1l.4e+0 7.5e—1 2.7e—1 1.5e+0 1.7e—1 3.3e—1
A(ap) 6.2e—1 5.8¢e—1 5.5e—1 6.3e—1 5.9e—1 5.6e—1 6.4e—1 5.9e—1 5.9e—1
Alln(;/D)] 8.7¢—2 3.8¢—2 3.7¢—2 3.8¢—2 3.7¢—2 3.7¢—2 3.8¢—2 7.0e—2 3.7¢-2
A(to)vo 4.5e—2 1l.1le—1 3.3e—2 2.3e—1 1.3e—1 4.4e—2 2.5e—1 3.2e—2 5.5 —2

TABLE III. Parameter extraction accuracy for inspiral of a 10Ms CO onto a 10°Mgs MBH at SNR=30 (based on data collected
during the last year of inspiral). Shown are results for various values of the MBH’s spin magnitude S and the final eccentricity er,50. The
rest of the parameters are set as follows: tg = trso — (1/2)yr (middle of integration), 49 = 0, &9 =0, 0g = 7/4, p5 =0, A = 7/6, ap = 0,
Ok = 7m/8, ¢ = 0.

Some things can be measured “really well”,

the rest can be measured, “somewhat well’.
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Barack & Cutler results for star in galactic

S/M* 0.1 0.1 0.1 0.5 0.5 0.5 1 1 1
e 0.10 0.43 0.80 0.10 0.43 0.80 0.10 0.43 0.80
vo(mHz) 0.044 0.035 0.013 0.044 0.035 0.013 0.044 0.035 0.013
SNR 19.8 29.9 26.4 19.0 28.3 25.7 18.8 28.4 29.7
A(ln M) 3.7e—3 3.6e—2 2.1le—-1 59e-3 3.8e—2 2.le—-1 1.0e-2 3.8e—-2 2.le-1
A(S/M?)  25e-3 1.9e-3 6.9e-3 3.2¢-3 25e-3 5.1le-3 9.6e-3 68e—-3 9.9¢—3
A(ln p) 6.1e+3 4.0e+3 4.5e+3 6.4e+3 4.3e+3 4.6e+3 6.5¢+3 4.2e+3 4.1e+3
Aleg) 1.2e—2 2.4e—-2 33e—2 13e—2 2.5e—-2 3.3e—2 13e-2 25e—2 3.2e—2
Afcos ) 3.2e—-2 18e—2 2.0e-2 2.6e-2 1.7e—-2 18e—2 2.6e-2 1.7e-2 1l.6e—2
A(Q,) 3.1e—-2 9.4e-3 1lle-2 2.0e-2 7.6e—-3 7.0e—=3 2.0e-2 79e-3 7.1le—3
A(Qxk) 3.1e-2 1l.1le-2 1.0e-2 19e-2 7.5¢-3 6.2¢—-3 2.0e-2 8.0e-3 7.5¢e—3
(1.1e—2) (5.1e—3) (6.4e—3) (1.2e—2) (4.6e—3) (4.2¢—3) (1.2e—2) (4.9e¢—3) (4.8¢—3)
A(Fg) 1.6e+1 3.6e—1 2.5e—1 1.5e+1 3.5e—1 2.3e—1 1.3e+1 3.le—1 2.1le—1
A(Dy) 2.0e+2 3.6e+0 1.7e+0 2.0e+2 3.8¢+0 1.7e+0 2.1e+2 3.8¢+0 1.6e+0
Alag) 1.8¢—~1 7.6e—2 6.5e—2 Tde—-1 T.2e—-2 6.3¢—2 15e+0 78e—-2 7T.4de—2
Alln(p/D)] 8.0e—2 7.8¢—2 2.6e—1 T7T.le—-2 T7.8e—-2 2.6e-1 T.le—-2 T7.7e-2 2.5e-1
Alto)vo 3.1e+1 6.0e—1 2.9e—1 3.2e+1 6.3e—1 2.9e—1 3.2e+1 6.3e—1 2.8e¢—1

TABLE IV. Parameter extraction accuracy for a low-mass main-sequence star at Sgr A*. We assume M = 2.6 - 10° Ms, p = 0.06 M5,
and data integration lasting 2 years. We also assume the star is observed a million years before the (theoretical) plunge, just before tidal
effects become important. Each column of the table refers to a different choice of the MBH's spin, orbital eccentricity € and frequency
v at the time of observation. The other parameters are set as follows: 4y = 0, &5 = 0, 85 = 1.66749 (true value for Sgr A*), ¢g5 = 0,
A=w/6, a0y =0, 8 = /8, o = 0. Most of the values given in the table result from inverting the full, 14 x 14-d Fisher matrix. The
values for AQ g obtained by inverting the 11 x 11 minor that excludes the CO’s mass u and the two sky-location coordinates s and ¢g
(whose precise values are known for Sgr A*) are given in parentheses. (For all other parameters, using the known sky position did not
signficantly improve measurement accuracy.)

Steve Drasco
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Since then: Mock LISA Data Challenge (MLDC)

The “analytic kludge” waveforms were used in the MLDC
(Babak et al, CQG, 2008)

SNR ~ 124
posterior plots
from Cornish, 2009

probability density

In D

Results were similar, but a little bit less successful than Barack &
Cutler estimates.
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probability density
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What about more realistic waveforms!?

Gair-Glampedakis (2006) kludge waveforms, similar to
those of Babak et al. (2007).
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those of Babak et al. (2007).

(1) Solve Teukolsky-fitted flux rules for E(t), L.(t),Q(t).
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What about more realistic waveforms!?

Gair-Glampedakis (2006) kludge waveforms, similar to
those of Babak et al. (2007).

(1) Solve Teukolsky-fitted flux rules for E(t), L.(t),Q(t).

(2) Solve modified (|E, L., Q] — [E(t), L.(t),Q(t)])
Kerr geodesic equation, for osculating world line

r(t),0(t), ¢(t)
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What about more realistic waveforms!?

Gair-Glampedakis (2006) kludge waveforms, similar to

those of Babak et al. (2007).

(1) Solve Teukolsky-fitted flux rules for E(t), L.(t),Q(t).

(2) Solve modified (|E, L., Q] — [E(t), L.(t),Q(t)])
Kerr geodesic equation, for osculating world line

r(t),0(t), ¢(t)

(3) Get waves from quadrupole-octupole formula

pik _ 2
T

(
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Parameter estimation errors: black-hole geodesics
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Parameter estimation errors: black-hole geodesics

Huerta & Gair (8 months ago, PRD): restricted to orbits
without eccentricity & inclination
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Parameter estimation errors: black-hole geodesics

Huerta & Gair (8 months ago, PRD): restricted to orbits
without eccentricity & inclination

Drasco & Cutler: generic black hole orbits
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Parameter estimation errors: black-hole geodesics

Huerta & Gair (8 months ago, PRD): restricted to orbits
without eccentricity & inclination

Drasco & Cutler: generic black hole orbits

Results: no shocking difference from Barack & Cutler, or
from mock LISA data challenge.

Some things can be measured “really well”,
the rest can be measured, “somewhat well’.
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LISA-EMRI results: SNR ~ 140 to 180

Last year of inspiral, at distance of about | Gpe, N = IOGM@ , U= 10M®

If we average over 4 systems: a/M = 0.1, 0.5 & €final = 0.01, 0.1
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LISA-EMRI results: SNR ~ 500 to 2880

Last year of inspiral, at distance of about | Gpe, M —= 106M@ , = 103M®

If we average over 4 systems: a/M = 0.1, 0.5 & €final = 0.01, 0.1
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summary & future

No “surprises™ in improved statistical errors. ? |

Still, a better understanding of errors for these
estimates would be useful. |

AT\
It is also time to start exploring theoretical® ~

iy limitations by looking at systematic errors.
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