First cut at data-analysis problem
for LISA inspiral sources
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Capture of a CO by a SMBH:
Mechanism, & features to have in mind

SMBHSs abundant (table); Some evidence that
rapidly rotating.

Capture process begins when CO kicked into
“loss cone” through multibody scattering

Orbit still highly eccentric (e=0.4-0.6) when

enters LISA band.
(Hils & Bender 1995; Sigurdson & Rees 1997)

10°-10° orbits during last year, inside LISA band.
(Finn & Thorne 2000)

Gradual circularization, but still substantial
eccentricity at LSO (Cutler, Kennefick, & Poisson 1994)



CB inspiral: a foundation for LISA's
science requirement

LIST (Dec2001): Floor of LISA’s noise curve to be determined
by requirement of detecting CB inspirals.

Based on research done till winter 2003-2004 (toward
finalizing LISA'’s design) LIST will decide between noise
requirement and noise goal (x4 lower).

Need to know: Detection rate vs. LISA's noise floor.

LIST identified this task as “especially urgent”.



3 elements In determining detection rate:

“astrophysics” “source modeling”/GR

data analysis

Detection rate




“Progressive” plan for study of LISA
Inspiral data analysis problem

nor——, > -

» Groups communicate through regular telecons
(reports at http://manuel.tapir.caltech.edu/listwgl/)




Searching by “matched filtering”

“Optimal” technigue (minimizes false-alarm ¥ true signal dismissals) when
precise waveforms are known - as with inspirals

Need to build up a discrete set of templates, to cover parameter
space (PS) in an “efficient” manner

Basic challenge: Large PS, long integration time fi need a huge
number of templates:

Niemp ~ (#Wavecycles)”™ ~ (At )"™ ~(3010" (B0 °)* ~10*

fi Can't search coherently over an entire year of data!

Solution: Apply “Stacked” search, as in NS search for L1GO
(Brady & Creighton)

Basic information for designing stacked search: [Ntemp(At) ]




Our “Analytic Kludge” model waveforms

MOTIVATION: Get quick, order-of-magnitude answers:

Neemp(DT)
Required S/N for a yr-long mission
LISA resolution for physical parameters of inspiral sources

Evaluate problem of self-confusion

YV V. V V V

Design hierarchical/stacked search strategy and gauge its
efficiency

v" Model simple enough to allow incorporation of full (14d) par. space



AK waveforms

e Quadrupole radiation from Keplerian orbits
(Peters & Mathews 1963) ‘ |

1 X X
haﬁ(t) :BZ(A:(t)H;ﬁ + Ah(t)Haﬁ) LISA
=1 . .
o o a=rax B
A = (BE{207 cos(2y) + (I - [ ¥)sin(2y)} 4= pxa

A1) = ~[1+ (B ™ - () cos(2y) 12+ 17 sin@y)f +[1- (B2 (I +17) /2
where, E.Q.,

1Y = —p(2mM ) (1~ &) sin[n(2mit + ¢,)] x[J,_,(ne) = 2J, (ne) + J, ,,(ne)]

 Mode distribution of power emitted:



Features added “by hand”

v . . %:ﬁ 3 11/3
Inspiral: - 107_[(,u/M J2rmm) {

1+ (73/24)€” + (37/96)¢€"
(1_ e2)7/2

}+...+D LS+... 3.5 PN

[Junker & Schéafer; Ryan]

v Circularization: $:_1_15(,U/M)(27TIM fe(304+1216%)(1-€?)** +..+ O L B+.. 3.5 PN

[Junker & Schéafer; Brumberg]

v’ Periastron precession: % = 6r2mM P°(1-e?) + + DL B+ 0LxS+.. 2 PN
[Junker & Schafer; Brumberg; Ryan]

dl_él: ArrPy?
dt

v’ Spin-orbit precession: (1—e2)_3/2§><@<t> 2 PN

[Barker & O’'Connell]

v Doppler modulation due to LISA motion: ®(t) - () + P, (1)

[Cutler 1998]



Features of kludged model - summary

e Our model features (qualitatively) most characteristics of
Kerr orbits, like

inspiral Periastron precession Spin-Orbit coupling
. - ' - A
f@m ) %ﬂ.

I Features missing:

“Zoom-Whirl” effect  Evolution of inclination angle

=

(but these may be less important for our problem)

=




Sample orbits

u=1IM,, M=10°M,, f=103Hz, e=0.4, S=0

1 hour 2 hour



LISA'S response (Cutler 1998)

 LISA © two independent two-arm/90° ix
interferometers with responses h,, h,,,

{
A(t)———Z[F A ® +F, (t)ﬂ(t)] | \/
+

F|+ = % 1+ cos? 0s) cos(2¢x) cos(2ys) — cosOs Sin(2¢s) SiN(2s)

F = %(1+ cos? 0s) cos(2¢%) Sin(2yy5) + cosBs Sin(2¢s) cos(2y5)

Fin =F(¢s - ¢s—7114)

A Wiew from
T . ; [ Detector
(65,@2) — direction to source |

1] H H 7 W,
(s — “polarizarion angle S

HORIZON



Sample kludge waveforms (S=0)

L=1Mg, M= 10M,, f=102 Hz, At=1 hour

e=0.2
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Sample kludge waveforms (S=/AF)

u=1IMy,, M=10M,, f=10°Hz, e=0.4

ﬁ
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Parameter Space for inspiral problem




Counting templates: geometric approach
(Cutler & Flanagan 1994, Owen 1996)

5*u)5u)+ac

Introduce inner product in Para. Space: (a|b)= Zj df
0

S(f)
- S(f) is spectral density of detector’'s noise n(t)
(assumed stationary & Gaussian): E[A(H) ()] :%5(f - £1)S(f)
Discretize PS with (normalized) templates |u(t)): (uluy=1

Can show (u|n) is a random variable with (u|n)=0, rms{u|n)=1

For signal s(t) filtered by u(t) define S/N sﬂﬂsw

Write detector’s output as s(t)=n(t)+Ah(t), where A is (t-indep.) amplitude
and h(t) shape of GW, with (h|h) =1, — SIN=(n+Ah|u)=Alhlu

0<(h|u)<1 measures effectiveness of |u(t)) in searching for h(t)




Geometric approach (cont.)

e Discretization mismatch [=Relative loss of S/N

due to use of a discrete template family]: Pfjﬁ_:“ﬁﬂﬁt
e e R
A(S/N):A<u|u>—A<h|u>:1_<h‘u>EM(Mi) g -hg‘_ \)
(SIN) gy A<u|u> . , B e ]

* Local approx. for mismatch: M = I‘”.A)I‘A)Ij +O(AX)

where the “metric” is _19°M
120400

h :1 ﬁﬂ
. 2\0A |oX
AA=0

1< o’
e 2\0A0A
I ,/det(T;) is proper “template density”

e Template spacing determined by prescribing MmaXZ ® /0

M_ =N /2? = d=2/M_/N "

| [T dA ° °
e Then, total # of templates is Ntemlo = ( \/ ] )N
2\/M o I'N




Implementation with AK waveforms

Short integration time - work in time domain

Employ LISA noise model (Hughes et al 2001): = .

_ f f iz W

S(f) =S+ Soqa + Sl TN
S,q = 4.85%x10° f * +8.38x107 +4.85x107° f2 i~ x: e

fo_ -46 £ -7/3 r..|
Soga =1.1x107 -l Nzt

i s

fo_ R ik M

St = R e A

No need to search over D - ignore this parameter

t, easy to search - project z, (=A°) out (a la Owen 96) :
ol jo

., = r ——J
yl] i] rij
Calculate 12D matrix Vij



Sample data set

(for one point in
parameter space)

+ matrix for one integration day (§=0)

Tn g I AT & Ty Py coad, My eosfip dr.
{ LET —a7a —53  -0.245 (0861 544 Oodl  —147 —D04ITY
—378  L34000 1.33.10% 521 —143 14.4 23 2360 —294
634 1.33-10° 1.80-10% 742 ~261 13.1 BA0 3380 —4720,
—0.245 511 742 0,292 0103 00074 0349 132 -0.165
= 00861  —183 —961 =0.103 0.0362 -0.00261 —0.123 -0.465 0.0582
~5.44 14.4 13.1 00074 -0.00261 303 2 —446 200 101
0.541 G623 BED 0349 —0.123 =4.46 108 128 —0.347
— 147 2360 3360 132 —0.465 2,06 128 6.12 —DG8
\o=00411 294 —420 -0.165 (L0582 101 0347 —068 0128

-:,,-'ﬂﬂ.l:"“_,' = 3-??'19'_“

Eigenvalues|;):
{2.83.10°, 33, 7.07, 0.336, 0.00455, 0.000524, 0.0000524, 0.0000337, 1.52-107"%)

Eigenvectors(y,, ):
—6.7-10~% —0.000384 -0.00145 0.000181}

[0.000251  —0.575 —(.818  —0.000321 0.000113
[—0.185 0.15 ={1,105 0000692 —0.000242  0.953 —0.14 0.0668 00815}
{00,206 0,779 0.547 ~0.0118 000412 0.219 0.0358 —0.0371  0.0148}
{-0.938  —0.201 0.14 00441 00184 -0.142 0032 0185  —0.0328}
{0201 —(0.0028 00,0001 75 0,132 — (.64 00,0158 0263 0,02  —0.0011)
{—0L0308 —0.0000429  1.66- 107" 0.113 (0,03 (151 0528 —0.292 =0.437}
{00327  —0.000205  0.000071 0.828 —(.201  —0258  —0327 00792 -0.333)
{00147 667-10°7 00000191 —0.414 0. 146 -0.025 —0.34 00784  —0.824)
10000123 3.06-107% —596-10-1" 0332 0.643 0000021 2.10.-107% 871-107% 0.000036)



Applications: I. counting templates
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How much S/N needed for lyr of data?

For first, coherent, step of stacked search, probably need
S/IN=4-5

(from experience gained in NS search for L1GO)

fl

IT first coherent integration is 1 week long, then
for a year-long integration need

S/N =5x./year/week = 36



Buonanno-Chen-Vallisneri reduction of P.S.

“Extrinsic” parameters easier to search over -> reduce PS to 7D
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Applications: I'l. S/N estimates

Analysis like Finn & Thorne (2000), but with eccentric orbits

10 |

{0~ E

107" |

107

10/10% at 1 Gpo — 10 years of evolution

n=2
=3

e
oyTs bo isco

215 to isco

1yT te €

Iso

T (Hz)

0

efisco-10yr)=0.736
efseal=03

vilsea-10wi=023 mHz
viisoo)=1.65 mHz

n=10

10"

2 he ()
(SIN)*=3 [Z2Ndinf,
"J B5S(f,)

(Average over source
orientations)

h., = (/D) ™y2E,/f,

(En, fn derived from
AK model)

= Signal Cut-off at
(S=0) Iso frequency



Applications: 111. LISA’s resolution

A =T x(SIN)™
@ — 2n{\/(r—l)cost9,cos¢9(r—1)¢qa _ (r—l)cose,% % (S/ N)—Z

5{1!13/:4;.) 9.94- 1073
a(In p1) 1.29 - 107°
§(luM) |6.40-107° (Ryan 2.6*10™%)
3{eg) 6.28 - 107°
d(vo) (r.44
5(®y) 0.062
§{2) 5.68- 101
§(A) 3.66 - 10~

5(0:;,)_ 0.79
5(S/M?) |6.94-10~® (Ryan 7*107%)
§(Qx) 0.091

a[In{s:/ D)) 0.057

Table 1: Resolution at $/N=30 for last of vear of 10~ /10° My inspiral. A year before the
last stable orbit ¢ = 0.48 and ¥ = 1.0? mHz. At the last stable orbit e = 0.4 and ¥ = 1.40
mHz. Noise model includes WD confusion noise.



Stacked Search Strategy: a sketch

» Divide lyr-long waveform
into time (or frequency) bins

0 i s 00

-1 i I+1
X
X A,
X X X
| | | | X | | | |
X
I X X
X
)\1
X
X A= Alt]+ (G —t)A +--
)¢ X (or, eventually, use precise EOM)
X | X

Master Grid



Where Next?

Finish validation of codes

Explore parameter space; Monte-Carlo integration
(project now initiated at UTB)

Compare with NK, TB
Develop search strategy

Study problem of self-confusion



Census of Supermassive
black holes as of March 2001

(Kormendy & Gebhardt 2001)

TABRLE 1
Uensus of Supermassive Black Holes {2001 March)

Limlaxy Tvpe .Hﬁlh]“ M, [ M. -“’ll'nl,gh.' {7, il Fousp Helerence
[ M) km/s} (Mpc) [arcser)
Galaxy She —17.65 |26 (24-28)ei] 75 D00k G140  See noles
M3 Bb —19.m 4.5 {E.U—F.ﬁ} eT] 160 076 206 Dressler + 1988;
kormendy |938a
Maz F2 1583 |39{3.1-4T) 6] 75 081 0.76 Temry 1984, 1987
M &1 sh =186 |68 (55-T3)ei] 143 39 076 Bower + 2(1b
NGO 821 B4 2041 |39(24-56) 7] 2084 .1 0.03  Gebhardt + 2001
NGO 1R B0 =140 JA4 (S8=-500 7] 205 114 008  Bower 4+ 2lla
MO 27T B2 1854 J1.3105-2927] 178 228 N0F  iebhardt + 20010
NGO ALLS 80 2021 JLO(04 20 cB] 230 9.7 .73 Kormendy + 19492
S 33TT Ea o =196 L] [06-2.5) en | 145 1.3 0.4%  Rormendy 4 1943
NGC \|Fa El —19.54 |10 [0.3-1.6) =) 206 10 020 Gebhardt + X00a
NGO 3384 800 1890 |14 000-19) 7] 143 116 005 Gebhardt + 2001
NGO A608 B2 —1986 |LL(08-25) el ] 182 204 013 Gebhardt + 2001
NGO 491 E2 =186 |19 (0.5-32) el | 242 2R 011 Gebhardt + N0l
NG 4342 50 —17.04 30 (2.0 4.T)eRB] 225 153 0.34 Cretron + 1990
NGO 4474 K5 —19.89 JUk (04 LA)eR] 190 157 0.13 ebhardt — X1
NGO 4486R F =LA77 |50 [02=94) e8] 185 16.1 051  Kormwndy + 19497
NG 4564 F3 0 —18.92 |57 (4.0-7.0) 7] 162 150 0.13  Gebhardt ~ 2001
NOGC 45304 Ba —2135 1003 20)cd] 240 03 .38 hormendy + 1958h
NGO 4619 K 21.30 |2.0 [].EJ—?..'J% sl 378 I6¥ 0.75  Gebhardt = 2001
NGC697T B4 =202 QL7 (1A-19e8) 177 11T 041  Gebhardt - 2001
NGUATI2 B4 1894 |14(09-18)«T| 90 155 010 Kaiser + 2001
NOA 5843 E —18.72 |29 (0.2 -l.Eg 2] 234 259 008 Gebhardt — 2001
MO 7457 S0 — L7693 |36 [2.5=-45)e6] 6T 1332 0.05 Gebhardt - 01
MG 27RT  SHO —I17.28 4.1 (3.6-45}«T] 185 75 0.114  Sarzi + 2001
NGO 3245 S50 —1965 |21 [1.6-26) 3] 205 209 0.21 Harth + 2001
NG 4261 B2 —21.09 | 5.2 (1. -H.E% ef] 313 b 0.15 Ferrarese 4+ 19096
NGC 4371 El <2036 |43 (2.6-7.5) e8] 206 184 0.24  Bower 4 1998
NGC 44539 SAD —149.15 7.0 (5.7 -23)eT| 16T 161 0.11  Sarzi + 2001
M &7 B0 —-21.53 |30 LE.U—#.U% ] ATH 161 1,18 Harms + 1994
NGC 4306 SBO <1948 |08 (0.5 1.2} e8] 136 1.8 0.22  Sarzi + 200!
MG A1 S50 —20.80 |24(0.7-60)«8] 150 4.2 2.26 Marcom + 2001
NGO 6251 E2 —2081 |60 (2.0-80) e8] 250 106 0.06 Ferrareas + 1099
MG 7052 E1 0 <2081 |33 (2.0-56) 5] 266 5&T 0.07  vap der Mare]l 4 1998
IC 116 K3 —20.39 J20(0.2=-5T)es] 925 2492 006 Verdoes hieijn + 300
NGC 1062 Sh —1882 [1L.701.0-3.0) 7] 131 1% 0.4 Greenhill + 1996
RGC £258  She —1T.09 |40 039-4.1) 67 120 7.2 0.36 Miyoshs + 1995
MG A4S Sed <1504 |1.4{09-2.1) eh ar Greenhill + 1997




Mode distribution of power emitted

F L] L] T B

Fig. 3. gin,e), the relative power radiated into the sth harmonic
for ¢=0.2, 0.5, and 0.7.

[Peters & Mathews (1963)]



