LASER
INTERFEROMETER
‘SPACE ANTENNA

6 International LISA Symposium
Greenbelt, Maryland 19 - 23 June 2006

EDITORS
Stephen M. Merkowitz
Jeffrey C. Livas

NASA Goddard Space Flight Center
Greenbelt, Maryland

SPONSORING ORGANIZATION
NASA Goddard Space Flight Center

Melville, New York, 2006
75 Years of Service AIP CONFERENCE PROCEEDINGS B VOLUME 873

5



CONTENTS

g = xiii

Committees ....oovvieriiiieierirnrensenens e esesseesacanensetanennenns XV

Group Photograph ......... e et etatet ettt et e xvii

OVERVIEW

LISA Mission TUtorial . . .. .vevvventenneruniinieenneunsennerueennrenneens 3
R. Stebbins

A Brief Survey of LISA Sources and Science..........ovviveiieninrnnenanns 13
S. A. Hughes

Fundamental Gravitational Physics in the LISA Time Frame................. 21
C. M. will

Gravitational Wave Sources from New Physics ......ooevviviiiiiiiiienennn. 30
C. J. Hogan

Status of Ground-based Gravitational Wave Detectors. .............cccovevnnn 41
P. R. Saulson

LISA Pathfinder .....covovtveitnioeersoensatosossrosesessssvasssssassaas 49
P. W. McNamara on behalf of the LISA Pathfinder Team :

CENTRAL MASSIVE BLACK HOLES AND COSMOLOGICAL IMPLICATIONS

Supermassive Black Hole Mergers and Cosmological Structure

Formation .......c0iuiiiuinnreroriressneosnssiasssassscosnsasessansoos 61
M. Volonteri o

The Final Merger of Comparable Mass Binary Black Holes. ............ouu.s 70
J. M. Centrella ‘ :

Black Hole Spectroscopy with LISA ... c..ioeiiiiiiiiiiiiiiiuiinnnnnas 82
E. Berti, V. Cardoso, and C. M. Will

Binary Black Holes and Recoil Velocities ......ccoviiiiiiiiiiieiiiiiinnanss 89

F. Herrmann, 1. Hinder, D. Shoemaker, and P. Laguna
The Effect of Gauge Conditions on Waveforms from Binary Black

Hole CoaleScence. . vvvivvververinieneenneuieeneroseensssossossansnanoens 94
E. Bentivegna, P. Laguna, and D. Shoemaker.
Relic Gravitons in the Context of String Theory........oveeeverenereeenans 99
G. Garcia-Cuadrado )
Numerical Results from Numerical Binary Black Hole Evolutions............ 105
M. Koppitz :

The Application of Numerical Relativity to LIGO and LISA Data

Analysis ........ Ce e eeea st e e e et s bes et tatesaasetoaratnataosnnns 110
S. T. McWilliams and J. G. Baker .

LISA Observations of Supermassive Black Hole Growth........ Ceeeeneanias 115

M. Micic, K. Holley-Bockelmann, and S. Sigurdsson



Amplitude and Phase Fluctuations for Gravitational Waves
Propagating through Inhomogeneous Mass Distribution in the

UnIVeESe o ottt v ienii e iieiitinrenssnasssnssassssossasvnssassosasnnnans 120
R. Takahashi

The Impact of Finite-differencing Errors on Binary Black Hole

Merger Templates......cooviiiiiiiiiiiieeenarnees ieereerenans erreeens 125

B. Vaishnav, D. Shoemaker, and S. Larson

_THE VERY LOW END OF THE LISA SENSITIVITY BAND

Achieving the Very Low End of the LISA Sensitivity Band.................. 133
S. M. Merkowitz

Proof Mass Accelerations due to Temperature Fluctuations ................. 143
P. L. Bender

High Sensitivity Torsion Balance Tests for LISA Proof Mass Modeling........ 151

S. Schlamminger, C. A. Hagedorn, M. G. Famulare, S. E. Pollack, and
J. H. Gundlach

Outgassing, Temperature Gradients and the Radiometer Effect in

LISA: A Torsion Pendulum Investigation ..........coveiviiiviinennnnnn 158
S. E. Pollack, S. Schlamminger, and J. H. Gundlach

The Charge-management System on LISA-Pathfinder—Status &

Outlook for LISA ... tvtiiiiiiiiitiivranrncresssestaesnssssssenesonans 165
M. Schulte, G. K. Rochéster, D. N. A. Shaul, T. J. Sumner, C. Trenkel, and
-P. J. Wass

Solar and Cosmic Ray Physics and the Space Environment: Studies

forand with LISA .. ...ttt iiiiiiiiiiitiiitenteseesssasessssoasrosaans 172

D. N. A. Shau}, K. L. Aplin, H. Aratjo, R. Bingham, J. B. Blake,
G. Branduardi-Raymont, S. Buchman, A. Fazakerley, L. S. Finn,
L. Fletcher, A. Glover, C. Grimani, M. Hapgood, B. Kellet, S. Matthews,
T. Mulligan, W.-T. Ni, P. Nieminen, A. Posner, J. J. Quenby, P. Roming,
H. Spence, T. J. Sumner, H. Vocca, P. Wass, and P. Young

Analytical Solutions for Electrostatic Forces due to Stray Charges in

GRS i iiiiiiietttiitieteeniseuasssnssosssersonstsascsesossnasssnonese 179
A. Goh, D. S. Lauben, K.-X. Sun, and G. S. Allen

Galactic and Interplanetary Cosmic Rays Relevant for LISA

Test-mass Charging .........cciiveiieinennnns N Ceerersanen 184
C. Grimani, M. Fabi, R. Stanga, and L. Marconi

Quality Factors of Bare and Metal-coated Quartz and Fused Silica

Torsion Fibers . .....uuuiieiiiiiiiiinniessrinnasesronesernessensensonss 189
C. A. Hagedorn, S. Schlamminger, and J. H. Gundlach

Active Thermal Control Experiments for LISA Ground Verfication

2] PP 194
S. Higuchi and D. B. DeBra

Thermal Diagnostic Test in the LTP Experiment..........coviiiiiiivennnns 199
M. Nofrarias, A. F. Garcia Marin, G. Heinzel, A. Lobo, J. Ramos-Castro,
J. Sanjuan, and K. Danzmann

vi



Low-Frequency Thermal Performance of the LISA Sciencecraft ............ .204
H. Peabody and S. M. Merkowitz
Ground Based 2 DoF Test for LISA and LISA Pathfinder: A Status

R. Stanga, L. Marconi, C. Grimani, F. Vetrano A. Vlcere L. Carbone,
A. Cavalleri, R. Dolesi, M. Hueller, S. Vitale, W. J. Weber, V. Iafolla,
S. Nozzoli, F. Santoli, and G. Pucacco

Spectral and Power Stability Tests of Deep UV LEDs for AC Charge

Management . ...oovevieunierenossrncasssonssssosessssrsassssssssnssas 215
K.-X. Sun, S. Higuchi, A. Goh, B. Allard, D. Gill, S. Buchman, and
R. L. Byer
Testing of the UV Discharge System for LISA Pathfinder ................... 220

P. J. Wass, L. Carbone, A. Cavalleri, G. Ciani, R. Dolesi, M. Hueller,
G. Rochester, M. Schulte, T. J. Sumner, D. Tombolato, C. Trenkel,
S. Vitale, and W. Weber
The LISA Pathfinder Radiation Monitor .........ccovieeieiiniiencncnsens 225
P. J. Wass, H. Araijo, C. Boatella, M. Chmeissani, W. Hajdas,
A. Lobo, C. Puigdengoles, and T. J. Sumner

DYNAMICS AROUND A CENTRAL BLACK HOLE

(Sort of) Testing Relativity with Extreme Mass Ratio Inspirals .............. 233
S. A. Hughes"

Astrophysics of Extreme Mass Ratio Inspiral Sources ............ivvvenenns 241
C. Hopman

Gravitational Waves from Coalescing Massive Black Holes in Young

Dense ClUSters. . o cvvverenerireeeneeisrassosssnesrsessssssssncosssanns 250
P. Amaro-Seoane

Electromagnetic Signattires of Massive Black Hole Binaries................. 257
T. Bogdanovi¢, B. D. Smith, M. Eracleoﬁs, and S. Sigurdsson

EMRIs in Non-pure Kerr Spacetimes ... .. ettt ee e i reteee s 264
E. Barausse ‘ -

Orbital Evolution for Extreme Mass-ratio Binaries: Conservative Self

1) ¢ Pt 269
L. M. Burko )

Time Domain Simulations of EMRIs Using Finite Element Methods. . ........ 274

C. F. Sopuerta
A Template-Count-Limited Search Strategy for Extreme-Mass-Ratio

LISA Inspirals............. et s e atesieeeieaiieaseaetanasitseneraonanns 279
J. S. Graber
Event Rate for Extreme Mass Ratio Burst Signals in the LISA Band...... ... 284

L. J. Rubbo, K. Holley-Bockelmann, and L. S. Finn

vii



THE MID-HIGH END OF THE LISA SENSITIVITY BAND

Components for the LISA Local Interferometry .............ccovvunn. ....291
G. Heinzel, F. ‘Steier, R. Fleddermann, B. Sheard; and K. Danzmann

Construction of the LTP Optical Bench Interferometer............ovove....297
C. 1. Killow, J. Bogenstahl, F..Guzman Cervantes, M. Perreur-Lloyd,
D. I. Robertson, F. Steir, and H. Ward

Novel Payload Architectures for LISA .......coiiiiiiiiirinriienenienans .304
U. A. Johann, P. F. Gath, W. Holota, H. R. Schulte, and D. Weise

Clock Noise Removal in LISA ......cciiiiiiiiiiiiniieronersnrcsrneensss312
W. Klipstein, P. G. Halverson, R. Peters, R. J. Cruz, and D. Shaddock

Time Delay Interferometry Using the UF LISA Benchtop Simulator..........319
R. J. Cruz, J. I. Thorpe, M. Hartman, and G. Mueller

An Interferometric Based Optical Read-out Scheme for the LISA

Proof-Mass. ..coveeernisrsrnnstssacensssenennns . 1.
S. M. Aston and C. C. Speake

Using an Optical Fiber Fed Littrow Cavity as a Displacement Sensor

for Use in Drag-free Satellites............. et eetsisaiaeesitteaerarananas 334
G. S. Allen, K.-X. Sun, and R. L. Byer

Some Progress in the Development of an Optical Readout System for

the LISA Gravitational Reference Sensor...... U X )
F. Acernese, R. De Rosa, L. Di Fiore, F. Garufi, A. La Rana, and L. Milano

Interferometric Characterization of the Optical Window for LISA

Pathfinder and LISA ...... ... .iiiiiiiiiiireniiiintetensenncnnns [ 344
A. F. Garcia Marin, J. Bogenstahl, F. Guzman Cervantes, F. Steier, h
J. Reiche, S. Skorupka, V. Wand, M. Nofrarias, J. Sanjuan, O. Jennrich,
G. Heinzel, and K. Danzmann -

A Non-linear Laser Interferometer Model and Its Use for Drag-free

System Verification . .....ovvviivrriienesreierivirsiossrsssssssncsasses. 349
D. Gerardi, W. Fichter, 'N. Brandt, C. Braxmaier, G. Heinzel, and S. Vitale

Iodine Laser Frequency Stabilization for LISA . .................cou0t .00 354
V. Leonhardt and J. B. Camp

Grating Fabrication for Gravitational-wave Interferometers and LISA

GRS ittt it . -3
P. Lu, K.-X. Sun, and R. L. Byer

Relativistic Approach of the LISA Mission............covevviiieineeee... 364
S. Pireaux, B. Chauvineau, T. Régimbau, and J.-Y. Vinet

Dimensional Stability of Hexology SA® Silicon Carbide and

Zerodur™ Materials for the LISA Mission ..... et eessetestecasenenesanans 369
A. Preston, R. J. Cruz, J. I. Thorpe, G. Mueller, G. T. Boothe,
R. Delgadillo, and S. R. Guntaka

A High Sensitivity Heterodyne Interferometer as Optical Readout for

the LISA Inertial Sensor ......vvieiiiireronersensenceessossosossssessss3ld
T. Schuldt, H.-J. Kraus, D. Weise, A. Peters, U. Johann, and C. Braxmaier

Laser Frequency Stabilization by Using Arm-Locking ............... [ 379
H. R. Schulte, P. F. Gath, and M. Herz

viii



A Robust, Symmetric Grating Angular Sensor for Space Flights ............. 384
K.-X. Sun, P. Ly, and R. L. Byer

Optical Design of the LISA Interferometric Metrology System............... 389
D. Weise, C. Braxmaier, M. Kersten, W. Holota, and U. Johann

STELLAR-MASS BINARIES AND STOCHASTIC SOURCES

Astrophysics of White Dwarf Binaries...........ccoiiiiiiiiiiiiiiiiiine, 397
G. Nelemans
Astrophysics of Double Neutron Star Bmanes ............................. 406

K. Belczynski

The Resolving Power of LISA: Comparing Techniques for Binary

- ) (P 415
S. L. Larson and L. S. Finn

Angular Momentum Transport in Double White Dwarf Binaries............. 422
P. M. Motl, J. E. Tohline, and J. Frank

Tomographic Method for Resolving the Galactic Binaries: Including

Multiple Interferometers and Antenna Patterns .............ccvveiivannen, 429
K. R. Nayak, S. D. Mohanty, and K. Hayama

Gravitational Waves from Compact Objects Accreting onto Active

Galactic NuClel . ...ciivviiiiiii ittt ittt iiiiieetnitessinseasiseanens 437
J. Schnittman, G. Sigl, and A. Buonanno
Automatic Bayesian Inference for LISA Data Analysis Strategies ............ 444

A. Stroeer, J. Gair, and A. Vecchio
If Primordial Black-Holes Exist, What Would Be the Gravntatlonal
Wave Background Noise They Would Produce for LISA, DECIGO,

and BBO? ... i i i ittt et 452
O. D. Aguiar, J. C. N. de Araujo, and O. D. Miranda
Multi-band Astronomy with LISA .....c.cviiiiiiiiiiiiiriienereiennsranes 460

G. Branduardi-Raymont, G. Ramsay, C; Wang, R. Bingham, and
J. T. Mendonca

A Modified CLEAN Method and its Application to Tomographic

Reconstruction of LISA Galactic Binaries........coviiienieirieinennenaas 465
K. Hayama, S. D. Mohanty, and K. R. Nayak

Detecting a Stochastic Background of Gravitational Waves in the

Presence of Non-Gaussian Noise............. e e e sesasaaseentetnetansennns 471
Y. Himemoto, A. Taruya, H. Kudoh, and T. Hnramatsu

Population Boundaries for DWDs in LISA’s Amplitude- frequency .

D T+ 1« 476

R. K. Kopparapu and J. E. Tohline

Optimal Source Tracking and Beaming of LISA..........coiiiieiiaenn, 481
A. Pai

Slice & Dice: Identifying and Removing Brlght Galactic Binaries

fromLISAData ...ttt iiiiiiiieiiiiieirerenssssoressossnssnsannes 489

L. J. Rubbo, N. J. Cornish, and R. W. Hellings



Probing Anisotropies of Gravitational-wave Backgrounds with a

Space-based Interferometer............. e reetiesscentaeasrtanaanas ceens.494
A. Taruya .

LISA Framework for Enhancing Gravitational Wave Signal

Extraction Techniques ......oovivniieviiinsrcnietnocnnansss Ry .. 1

D. E. Thompson and R. Thirumalainambi

THE MID-LO\W END OF THE LISA SENSITIVITY BAND

Achieving the Mid-low End.of the LISABand ......ooc0ovevieneinnsneense 507
S. Vitale, M. Armano, L. Carbone, A. Cavalleri, G. Ciani, R. Dolesi,
M. Hueller, D. Tombolato, and W. J. Weber

Progress in Developing the Modular Gravitational Reference Sensor .........515
K.-X. Sun, G. S. Allen, S. Buchman, R. L. Byer, J. W. Conklin,
D. B. DeBra, D. Gill, A. Goh, S. Higuchi, P. Lu, N. A. Robertson, and
A. J. Swank

In-Flight Diagnestics in LISA Pathfinder ............co00veiiiienans ceeesa522
A. Lobo, M. Nofrarias, J. Ramos-Castro, J. Sanjuan, A. Conchillo,
J. A. Ortega, X. Xirgu, H. Aratjo, C. Boatella, M. Chmeissani, C. Grimani,
C. Puigdengoles, P. Wass, E. Garcia-Berro, S. Garcia, L. M. Martinez, and
G. Montero

Control of ST7 Disturbance Reduction System Flight Experiment............ 529
P. G. Maghami, O. C. Hsu, and J. R. O’Donnell, Jr.

Experience and Design Drivers for the Inertial Sensor on the LISA

Pathfinder Mission ........cieitiiieiiienriritiienneencnnas N X
F. Nappo, D. Desiderio, A. Franzoso, P. Lorenzi, C. Moratto, A. Moroni,

" P. Sarra, M. Molina, G. Borghi, and M. Piermaria

Colloid Microthrust Propulsion for the Space Technology 7 (ST7) and

LISAMissions . ...cooeveiiviiinennennens e iseieieeeeerass i 548
J. K. Ziemer, T. Randolph, V. Hruby, D. Spence N. Demmons, T. Roy,
W. Connolly, E. Ehrbar, J. Zwahlen, and R. Martin

Test-Mass Release Phase Ground Testing for the LISA Pathfinder

Mission..... Cee e resees st eat e Cerieseeeiaen, cerereeraenaeees 556
D. Bortoluzzi, L. Baglivo, M. Benedetti, F. Biral, P. Bosetti, A. Cavalleri,
I. Cristofolini, M. Da Lio, M. De Cecco, R. Dolesi, V. Fontanari,
M. Lapolla, R. Oboe, P. Radaelli, W. Weber, and S. Vitale

Torsion Pendulum Facility for Direct Force Measurements of LISA

GRS Related Disturbances ......coouiveeetrtieriinersnassccsacncasncons -~ 561
L. Carbone, A. Cavalleri, G. Ciani, R. Dolesi, M. Hueller, D Tombolato,
S. Vitale, and W. J. Weber

Mass Center Determination by Optical Sensing of Velocity

Modulation. ......ccoitiiiiiiiiiiiiiiitiiiisernnsssrsnesscnasarenssesss 3006
J. W. Conklin, K.-X. Sun, and D. B. DeBra

Self-gravity Analysis and Visualization Tool for LISA ..... B S T 571
A. M. Gopstein, W. B. Haile, and S. M. Merkowitz



Electrostatic Sensing and Forcing Electronics Performance for the

LISA Pathfinder Gravitational Reference Sensor ....... cesaserieaaas veeee 576
D. Lauben, G. S. Allen, W. Bencze, S. Buchman, R. L. Byer, A. Goh,
S. Dorlybounxou, J. Hanson, L. Ho, S. Higuchi, G. Huffman, F. Sabur,
K.-X. Sun, R, Tavernetti, L. Rolih, R. Van Patten, J. Wallace, and

‘S. Williams
Control Design of the Test Mass Release Mode for the LISA
Pathfinder Mission ........ Cersseneeas PP 1. X )

F. Montemurro, W. Fichter, M. Schlotterer, and S. Vitale

Determining Gravitational Attraction by Mass Property

Measurements . ....coovveesnvenocnroasnsossoaans ORI 1. +.
Al Swank K.-X. Sun, and D. B. DeBra

DATA ANALYSIS AND SOURCE MODELING

Extracting Information About EMRIs Using Time-frequency Methods...... ..595
L. Wen, Y. Chen, and J. Gair
When Is Enough Good Enough in Gravitational Wave Source

Modeling? ....... et Cersrasienens O | 11
L. J. Rubbo

The Optimal Statistic for Detecting Eccentric Binary Compact

Objects with LISA ........ Ceeeceaieaiaeaas Ceteeesieiaaas heeees ceeeas 612
S. Bose and A. Rogan

An Overview of the Mock LISA Data Challenges...........c.ccoiviiviuenns 619

K. A. Arnaud, S. Babak, J. G. Baker, M. J. Benacquista, N. J. Cornish,
C. Cutler, S. L. Larson, B. S. Sathyaprakash, M. Vallisneri, A. Vecchio, and
J.-Y. Vinet on behalf of the Mock LISA Data Challenge Task Force

A How-to for the Mock LISA Data Challenges ...........coievivnnneee...025
The Mock LISA Data Challenge Task Force

LISACode: Simulating LISA ........... Cheersreeneanan feeseareanianas ..633
A. Petiteau, G. Auger, H. Halloin, O. Jeanmn S. Pireaux, E. Plagnol, '
T. Regimbau, and I.-Y. Vinet

Preparing for LISA Data: The Testbed for LISA Analysis Project............ 640
L. S. Finn, M. J. Benacquista, S. L. Larson, and L. J. Rubbo

LISA SYSTEM DESIGN AND TECHNOLOGY

LISA System Design Overview ........cvveviiiirrnriecsancsrncesssnasss 047
P. F. Gath, U. Johann, H. R. Schulte, D. Weise, and M. Ayre

Overview of the LISA Phasemeter................ Ceeereecreiti e ..e..654
D. Shaddock, B. Ware, P. G. Halverson, R. E. Spero, and B. Klipstein

Arm-Locking in a LISA-like Hardware Model: A Status Report.............661
J. I. Thorpe, R. J. Cruz, M. Hartman, and G. Mueller

LISA Technology Package System Design and Operations..............00... 668
R. Gerndt, W. Fichter, N. Brandt, D. Gerardi, F. Montemurro,
A. Schleicher, T. Ziegler, and U. Johann

Xi



Calibration Methods for the LISA Pathfinder Drag-free System and

Expected Performance....... et ii ettt et aianaas 675
W. Fichter, T. Ziegler, and S. Vitale

Managing Disturbance Sources on LISA Pathfinder. ... e eeaae e e 682
C. Warren, D. Wealthy, and N. Dunbar

LISA Phasemeter Development. .. ....ovovvuvnrerrnrueereneansoeroennnncns 689
V. Wand, F. Guzman, G. Heinzel, and K. Danzmann

Mission Critical Software in LISA Pathfinder ..........oovvueenvenenienne. 697
J. A. Ortega-Ruiz, A. Conchillo, X. Xirgu, and C. Boatella .

LISAOrDits. . ovi ettt ittt iiitiesieersrantsenensasannn 702
A. Povoleri and S. Kemble

List OF PartiCiPantS . . . o v vvertererenernenerernrensseenesenneesasnenens 707

AuthorIndex.........iiiiiiiiierirnernsosenssassnsannas feseeiescaanans 713

Xi1



