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Charge to the Review Panel

The NSF Grant Proposal Guide contains instructions and guidelines for individual
investigator proposals. The National Science Board approved review criteria from
the Grant Proposal Guide are reproduced below and should be addressed in the
review of this proposal.

Review Criteria

The National Science Board approved revised criteria for evaluating proposals at its
meeting on March 28, 1997 (NSB 97-72). All NSF proposals are evaluated through use
of the two merit review criteria. In some instances, however, NSF will employ additional
criteria as required to highlight the specific objectives of certain programs and activities.
For example, proposals for large facility projects also might be subject to special review
criteria outlined in the program solicitation.

The two NSB-approved merit review criteria are listed below. The criteria include
considerations that help define them. These considerations are suggestions, and not all
will apply to any given proposal. While proposers must address both merit review
criteria, reviewers will be asked to address only those considerations that are relevant to
the proposal being considered and for which he/she is qualified to make judgments.

What is the intellectual merit of the proposed activity?

How important is the proposed activity to advancing knowledge and
understanding within its own field or across different fields? How well
qualified is the proposer (individual or team) to conduct the project? (If
appropriate, the reviewer will comment on the quality of prior work.) To
what extent does the proposed activity suggest and explore creative and
original concepts? How well conceived and organized is the proposed
activity? Is there sufficient access to resources?

What are the broader impacts of the proposed activity?

How well does the activity advance discovery and understanding while
promoting teaching, training, and learning? How well does the proposed
activity broaden the participation of underrepresented groups (e.g.,
gender, ethnicity, disability, geographic, etc.)? To what extent will it
enhance the infrastructure for research and education, such as facilities,
instrumentation, networks, and partnerships? Will the results be
disseminated broadly to enhance scientific and technological
understanding? What may be the benefits of the proposed activity to
society?



NSF staff will give careful consideration to the following in making funding
decisions:
Integration of Research and Education

One of the principal strategies in support of NSF's goals is to foster
integration of research and education through the programs, projects and
activities it supports at academic and research institutions. These
institutions provide abundant opportunities where individuals may
concurrently assume responsibilities as researchers, educators, and
students, and where all can engage in joint efforts that infuse education
with the excitement of discovery and enrich research through the diversity
of learning perspectives.

Integrating Diversity into NSF Programs, Projects, and Activities

Broadening opportunities and enabling the participation of all citizens,
women and men, underrepresented minorities, and persons with
disabilities, are essential to the health and vitality of science and
engineering. NSF is committed to this principle of diversity and deems it
central to the programs, projects, and activities it considers and supports.




Specific Charge for Advanced LIGO Review Panel

The original LIGO proposal called for a staged approach to reach the full sensitivity
necessary to detect and analyze gravitational radiation from predicted astronomical
sources. The installation of detector system upgrades to make this possible was planned
to occur after the initial LIGO observation period of 2003 through 2006. The current
proposal represents the technical approach to extend the detector sensitivity by a factor
of at least ten over the original LIGO design goal and extend the low frequency response
from 40 Hz to 10 Hz. The technical plan to achieve this goal is described in the proposal
and supporting documents, along with the cost, schedule, and management structure.

We ask that the Panel review the proposed work in technical detail. In carrying out this
task, we ask that the following questions be addressed:

e Is the scientific case for the needed upgrade convincing? Are the scientific
requirements achieved in a cost-effective manner?

e Is the specific proposed Advanced Detector upgrade appropriate to accomplish
the scientific goals? In particular, is the decision to convert the 2-km Hanford
interferometer to a second 4-km interferometer well founded, and will the specific
subsystems each meet the required performance specifications?

e Are the requested budget (including contingency) and manpower levels
appropriate to carry out the proposed upgrade?

» Are the schedule and milestones achievable with the proposed resources? Does
the phasing of the downtime of detectors achieve a proper balance of cost,
manpower, and observation time?

e Isthe proposed management plan appropriate to oversee the R&D, construction,
installation and commissioning of the upgrade?

e Has the issue of cost effectiveness in operating the more complex Advanced
LIGO system been addressed?

o s the proposed education and outreach plan well designed, and are the
proposed manpower and funds appropriate to carry it out?






Wednesday, 6/11

08:00

AGENDA

Panel Executive Session V(CIos'ed)'

08:25 Introduction and Reading of Panel Charge
08:30 Welcoming remarks Barish
08:30 LIGO Overview Sanders
09:15 Initial LIGO Commissioning and First Observations Whitcomb
10:00 Break
10:15 Astrophysics Thorne
11:00 Overview of Advanced LIGO Shoemaker
12:00 Executive lunch (closed; lunch provided)
13:00 Cost, Schedule, Management Sanders
13:45 Panel Executive Session (closed)
14:30 Breakout Sessions:
1. Laser, Input Optics, Core Optics, Auxiliary Optics
351 W. Bridge [Science Conference Rm]
2. Suspensions, Seismic Isolation, Systems, Sensing/Control, e2e
Modelling
39 Bridge Annex [Engineering Conference Rm]
3. Astrophysics, Data Analysis Hardware, Data Acquisition
621 Millikan [Millikan Large Rm]
4. Installation, Facilities, Project Management, Cost/Schedule
619 Millikan [Millikan Small Rm]
5. International Partners, LSC, Outreach
102 E. Bridge
17:00 Panel Executive Session (closed).
Discussion of issues to be revisited is next set of breakout sessions and
assignments to breakout sessions
18:30 Lab Tour (optional, per committee preference)
19:30 Dinner: Holly Street Cafe
Thiirsday, 6/12 o 3 |
08:30 Panel Executive Session [Review requests for information] (closed)
09:00 Response of LIGO/LSC staff to Panel Request and/or Parallel Sessions
10:30 Break
11:15 Response of LIGO/LSC Staff to Panel Request and/or Parallel Sessions
12:30 Lunch and Panel Executive Session (closed)
13:30 Executive Session (closed), Interaction with LIGO/LSC staff as desired

riday, 613

0900 ‘

10:00
12:00

Panel Executive Session [Final discussion of report and closeout
presentation] (closed)

Closeout
Adjourn
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Acronyms and Abbreviations

Acronym , f
ACIGA Australran Consortium for Interferometrrc Gravrtatronal Astronomy
ACWP Actual Cost of Work Performed :
ADC Analog-to-Digital Converter

ANU Atomic Mass Unit-- :

ANU Australian National University

APl Application Programmier interface

AR Anti-Reflective

BAC. . Budget at Completion - -

BCWP Budgeted Cost of Work Performed

BCWS Budgeted Cost of Work Scheduled

BH Black Hole

8sc Basic Symmetric Chamber

BSC Beam Splitter Chamber

CACR Center for Advanced Computer Research (Caltech)
CAD Computer-Assisted Design

cB&l Chicago Bridge & lron

CDS Control and Data System

COBE Cosmic Background Explorer

CSIRO Commonwealth Scientific and Industrial Research Organrzatron (Austraha)
CSSR Cost Schedule Status Report

DAC Data AnaIysrs and Computrng

DcAPI Data Condrtronrng Applrcatron Programmer Interface
DMRO Differential Mode Read-Out '

DOF Degrees of Freedom

EAC Estimate at Compietion

EPI External Pre-isolation

EPICS Experimental Physics and Industrial Control System
ER LIGO Engineering Run

ETF Engineering Test Facility

ETM End Test Mass

FDR Final Design Review

FFT Fast (Discrete) Fourrer Transform

FTE Full Time Equivalent-

GASF Geometrical Antr-Sprrng Frlter

British-German Cooperation for Gravity Wave Experiment
GFLOPS 1000 MFLOPS

GRB Gamma-Ray Burst

GwW Gravitational Wave

GWADW  Gravitational Wave Data Analysis Workshop

GWIC Gravitational Wave international Committee

HAM Horizortal Access Modules

HEPI Hydraulic External Pre-isolation



HPSS High Performance Storage System (IBM)

HVAC Heating, Ventilation and Air Condltlomng

IAP Institute for Applied Physics - R

IDE Integrated Drive Electromcs (dlSk standard)
FO interferometer - :

IGEC International Gravrtatronal Event Collaboratron
InGaAs Induim-Gallium-Arsenide o

INSA French National Instltute for Applled Sclence
0 Input Optics -~~~

P Inverted Pendulum

IsC Interferometer Sensing and Conitrol

ISCT Interferometer Sensing and Control Table

(1 Intensity Stabilization Servo

™ Input Test Mass

TR-X X-Arm Input Test Mass

vV&v integration, Verrfrcatron and Valrda’uon

kpe Kiloparsec

LASTI LIGO Advanced System Test Interferometer
LDAS LIGO Data Analysis System

LHO LIGO Hanford Observatory

LIGO { aser Interferometer Gravitational-Wave Observatory
LLO LIGO Livingston Observatory

LMe Large Magelfanic Cioluds

LMXB Low-Mass X-Ray Binary

LSC LIGO Scientific Collaboration also Length Sensing and Control System
LVvDT Linear Variable Differential Transducer

LVEA Laser and Vacuum Equipment Area

LZH Laser Zentrum Hannover

MC Mode Cleaner

MDC Mock Data Challenges

MEP! Electro-Magnetic External Pre-Isolation

MFLOPS  Million Floating Point Operations Per Second
MGASF Monolithic Geometrical Anti-Spring Filter
MINIO Multiple input, Multiple Output

MOPA Master Oscillator-Power Ampilifier

MOU Memorandum of Understanding

Mpc Megaparsec

MSU Moscow State University

NBF Neutron Star Binary Inspiral

NCSA National Center for Supercomputing Applications
NPRO Non-Planar Ring Oscillator

NS Neutron Star

0SB Operations Support Building

OSEM Optical Shadow Sensor and Magnetic Actuator



PEM Physics and Environmental Monitor

PM Project Management

PMP. Project Management Plan

Ppm Parts per million

PSL Prestabilized 1 aser -

QND Quantum Non-Demolition

R&D Research and Development

RAID Redundant Array of Inexpensive Disks
REO Research Electro-Optics (Company Name)
REU Research Experience for Undergraduates
RFE Radio Frequency

RFP Request for Proposal

RM Recycling Mirror

RMS Root mean square

ROC Radius of Curvature

RSE Resonant Sideband Extraction

$ Second

s/s Samples/second

SAS Seismic Attenuation System

SEI Seismic Isolation

SEM Secondary Emission Monitor

SIOM Shanghai Institute of Optical Materials
SNIC Small Magellanic Clouds

SNR Signal to Noise Ratio

SOs Small Optics Suspensions

SRD Science Requirements Document

SUBR Southern Louisiana University at Baton Rouge
SURF Summer Undergraduate Research Fellowship
TAMA Japanese Interferometric Gravitational-Wave Project
TB Terabytes

TES Technical and Engineering Support

TN Thermal Noise Interferometer

UHV Ultra high vacuum

VME Versa Modutar Eurocard (IEEE 1014)
WAN Wide Area Network

WBS Work Breakdown Structure

WFS Wave Front Sensor

WMAP Wilkinson Microwave Anisofropy Probe






LIGO

LIGO Overview

Gary H Sanders
NSF Review of Advanced LIGO
Caltech, June 11, 2003
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LIGO
This talk

e Introduction to LIGO and terrestrial gravitational wave
detectors

e The LIGO mission and the upgrade strategy

e The scientific reach and impact of Advanced LIGO
e How we are organized for Advanced LIGO

@ Broader impacts

LIGO-G030250-01-M LIGO Laboratory



LIGO
Advanced LIGO In Context

e LIGO construction is complete
» NSF investment in LIGO now totals about $400 million
» Construction cost $292 million

» LIGO facilities represent ~ 2/3 of the construction investment and are intended
to support successive detectors

e Initial LIGO detectors are operating and have carried out
early scientific running
» Initial LIGO should accomplish its sensitive observation goal by late 2006

@ Advanced LIGO development is defining the detailed design
and retiring risks

e The experienced LIGO team will be ready to install Advanced
LIGO in 2007

e Observations for probable gravitational wave detection can
commence in 2010

LIGO-G030250-01-M LIGO Laboratory -



YGo LIGO Overview

"Colliding Black Holes"

Credit:
National Center for Supercomputing Applications (NCSA)

LIGO-G030250-01-M



LIGO Gravity as a “Strain” of Flat
Space-Time

£
1
l!
| (e
H-H
M ==
-d b e ™
43 i L1
- -1
i == A
| i H
L L 4
-1 Fl
41 L& 14
-1 LF 1
AT i
g H W1 =
1 LTt i
= A anudll r-4 = L
- 1=t-. =
H 11+ ] EREEEaE SEaRE:
’ I;" i oy ey =
|1 F 14 r—tt
- o L+
- "_::"".'- | 4 141 4 I T+ =
1. -~ |1 -1
+ 14" s - "h’ Eme == -
=5 = CAEcamdl o 1] BT PR
- T 1 52
. " a2
1 111 _r"* BES ™~ H-" - H'\-\.H F T am k-1 e
3= | 1-1 L4 44T - 1 M | ! = % =
¥ 11 L4 - LT = LML 25
T =l L L4111 + -—r 1
— 1 1 B o o -
mEmE
- 4 u ¥ 3 %5 W B |
- T
usfgnly r B EETEE
ram ol . ,a""_‘,_.- I [~ - S 0 48
- . T
i EEEEEE L1 ] S
" I T

gravitational radiation from
binary inspiral of compact objects

LIGO-G030250-01-M LIGO Laboratory o



LIGO
Evidence for Gravitational Waves

Emission of gravitational waves

Neutron Binary System — Hulse & Taylor

PSR 1913 + 16 - Ti[ﬂiﬂg Of pU|SarS ﬂ:—ompar‘ison between observations of the binary pulsar
PSR1913+416, and the prediction of general relativity based on
loss of orbital energy via gravitational waves
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Direct Detection

Gravitational Wave
Astrophysical Source

Terrestrial detectors

LIGO, GEO, TAMA, Virgo

Detectors
in space

LISA

LIGO-G030250-01-M LIGO Laboratory



LIGO

Astrophysics Sources by

Frequency

® EM waves are

studied over ~20

orders of magnitude
» (ULF radio —> HE y-rays)

e Gravitational Waves
over ~10 orders of
magnitude

» (terrestrial + space)

LIGO-G030250-01-M

Gravitational Wave Amplitude

]0-24

Audio band

Coalescence of
Massive Black Holes H
MNS-NS and BH-BH
Resolved Coalescence
Cialactic Bimaries /
' SN Core
Ll nre solved 1':.3', Collapse
Galactic g o
Benaries
LISA LIGO
10 10~ 10° 10° 10*
Frequency (Hz)
Space Terrestrial

LIGO Laboratory



LIGO
A New Window on the Universe

Gravitational Waves will
provide a new way to view
the dynamics of the Universe

LIGO-G030250-01-M LIGO Laboratory 9



LIGO Astrophysical Sources of
Gravitational Waves

Compact binary inspiral: “chirps” "
» NS-NS waveforms are well described .
» BH-BH need better waveforms (s Thome
» search technique: matched templates

Supernovae / GRBs: “bursts”

» burst signals in coincidence with signals in
electromagnetic radiation

» Challenge to search for untriggered bursts

Pulsars in our galaxy: “periodic signals™

» search for observed neutron stars (frequency,
doppler shift)

» all sky search (computing challenge)
» r-modes

Cosmological Signals  “stochastic background” [

LIGO-G030250-01-M LIGO Laboratory



Free masses

LIGO-G030250-01-M

LIGO Laboratory




LIGO

Detecting a passing wave ....

Interferometer

LIGO-G030250-01-M

LIGO Laboratory
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LIGO
Interferometer Concept

® Laserusedto measure |= Arms in LIGO ar
relative lengths of two = Maaciire differen
orthogonal arms

length to one part in 10" or
1078 meters

@ ...causing the D

interference pattern

As a wave
to change at the passes, the
photodiode 4 =% arm lengths
A change in
different
g ( ways....
.' 4 Beam
photodiode splltter Test-masses
LIGO-G030250-01-M LIGO Laboratory 13



An International Network of
Interferometers

Simultaneously detect signal (within msec)

GEO | | Virgo

detection
confidence

locate the
sources

decompose the
e polarization of
gravitational

Scale 1:134.000.000 & !
Antarctica

Rotinson Projecton
standord pasaliols 38' N anc 38° S & 129

LIGO-G030250-01-M LIGO La 14
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LIGO | GO Organization & Support

DESIGN
CONSTRUCTION
OPERATION

A

~ LIGO Scientific
. Collaboration

| 44 member institutions
> 400 scientists

LIGO-G030250-01-M LIGO Laboratory 15



. g The Laboratory Sites

Laser Interferometer Gravitational-wave Observatory (LIGO)

Hanford e
Observatory SaulE&

Livingston
Observatory

LIGO-G030250-01-M LIGO Laboratory 16



LIGO | GO Livingston Observatory

LIGO-G0302: N == 17



LIGO Hanford Observatory

Sk i

LIGO-G030250-01-M LIGO Laboratory 18



GEO 600

LIGO-G030250-01-M LIGO Laboratory 19



GO LIGO Beam Tube

® LIGO beam tube under
construction in January 1998

® 65 ft spiral welded sections

@ girth welded in portable
clean room in the field

1.2 m diameter - 3mm stainless NQO LEAKS !!
50 km of weld

LIGO-G030250-01-M LIGO Laboratory 20



LIGO

LIGO Vacuum Equipment

P

[t

LIGO-G030250-01-M

LIGO Laboratory

21



LIGO A LIGO Mirror

Substrates: SiO,
25 cm Diameter, 10 cm thick
Homogeneity < 5 x 10/
Internal mode Q’s > 2 x 10°

Polishing
Surface uniformity < 1 nm rms
Radii of curvature matched < 3%

Coating
Scatter < 50 ppm
Absorption < 0.5 ppm
Uniformity <103

LIGO-G030250-01-M LIGO Laboratory 22



Core Optics

installation and alignment

LIGO team now expert in this
very demanding work

LIGO-G030250-01-M LIGO Laboratory 23



LIGO

What Limits Sensitivity

of Interferometers?

Seismic noise & vibration
limit at low frequencies

Atomic vibrations (Thermal
Noise) inside components
limit at mid frequencies

Quantum nature of light
(Shot Noise) limits at high
frequencies

Myriad details of the lasers,
electronics, etc., can make
problems above these levels

Running at 10" |

LIGO-G030250-01-M L
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LIGO LIGO Sensitivity

Livingston 4km Interferometer
SERVANR 10 W IR

-~ Jan 2003

bl 1/SqriHz|
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Frequency |Hz| 5



Science Runs

1999 2000 2001 2002 2003

40) I 10 20 30 A0) I I 20 30 A() I 10 I'

Inauguration E1 E2 E3 E4 ES E7 E8 ES
One Arm il & e

Power Recycled Michelson @ — e

Recombined Interferomeater i el b

Full Interferometer .J—. LT e
e VVashington 2K First Lock T T f
o] ouisiana 4k ) ,- ‘ '
’ as LHO 2k wire
VWashington I —

& \Nashington 4K .
'1 earthquake accident

LIGO-G030250-01-M LIGO Laboratory 26



won,
LIGO

LIGO Plans
schedule

1996
1997
1998
1999
2000
2001
2002

2003+

2007

LIGO-G010036-00-M

LIGO-G030250-01-M

Construction Underway (mostly civil)

Facility Construction (vacuum system)
Interferometer Construction (complete facilities)
Construction Complete (interferometers in vacuum)
Detector Installation (commissioning subsystems)
Commission Interferometers (first coincidences)
Sensitivity studies (initiate LIGO | Science Run)
LIGO | data run (one year integrated data at h ~ 10-27)

Begin ‘advanced’ LIGO installation

LIGO Laboratory

27



LIGO
Advanced LIGO Reach

Advanced LIGO Will See At L east 10X Farther Than LIGO |
200

Advanced LIGO

Zhj pc’]‘QO

Science from a few hours of Advanced LIGO observing should

be comparable to 1 year of initial LIGO!
LIGO-G030250-01-M LIGO Laboratory 28



LiGo o
Historical Background

e LIGO was approved for construction of

» a platform suitable for successive and additional interferometers
» an initial set of interferometers

e 1996 McDaniel report endorsed plans for:

» NSF support of an Advanced R&D program to lead to the detectors
beyond initial LIGO

» formation of a scientific collaboration
— LIGO Scientific Collaboration (LSC)

e® R&D proposals from LIGO Lab and LSC received late

1996

» NSF defined a budget and program in 1998
» R&D was organized and initiated in 1997 — 2001 period

LIGO-G030250-01-M LIGO Laboratory



UGo Establishing a Supported
Development Program

e LSC authored a White Paper on an advanced LIGO
detector in 1998 and described a reference concept and
R&D program

» This was an international R&D program from the start

e LIGO Lab and LSC jointly submitted a revised White

Paper and a project conceptual document to NSF in late
1999

» Proposed upgrade of 3 interferometers, all 4 km arms, simultaneous
installation

» Peoples panel endorsed concept and urged support of the development
program

» NSF decided to support further R&D for Advanced LIGO development

LIGO-G030250-01-M LIGO Laboratory 30



The Current LIGO Laboratory

LIGO
Development Program

® In 2000, LIGO Lab proposed to NSF continuation
of LIGO operations and R&D for the period
FY2002 — FY2006

» Program and budget included support of
— Operating initial LIGO
— Analyzing data and producing science
— Developing Advanced LIGO through Final Design
» Permanent LIGO staff scientists and engineers engaged in
Advanced LIGO development were to be supported from the basic
operating budget
» Equipment, fabrications, incremental labor were to be supported
from an Advanced R&D budget line

LIGO-G030250-01-M LIGO Laboratory 31



LIGO Proposal Budget
LIGO Operations (2002 — 2006)

FY FY FY FY FY FY Totaly 7
2001 | 2002 | 2003 | 2004 | 2005 | 2006 2002-6

(SM) | (SM) | (SM) | (SM) | (SM) | (SM) | (SM)

Currently funded 22.92 | 23.63 | 24.32 | 25.05| 25.87 | 26.65| 125.52

Operations i
Increase for Full 5.21)) 520| 4.79| 4.86| 495 2501
Advanced R&D 2.77' 277| 2.86| 295 3.04| 3.13| 1476

3.30| 3.84| 3.14 - 1028

20 D4 nNE QN N 77 N 7A |
36.21 39.99 33.7 04./4

FY 2001 currently funded Operations ($19.1M for ten months) is normalized to 12 months
and provided for comparison only and is not included in totals.

R&D Equipment for
LSC Research

Total Budgets 25.62

Ol 2
s |
'

LIGO-G030250-01-M LIGO Laboratory 32



LIGO “Revised” Proposal Budget
LIGO Operations (2002-2006)

e $28 million provided for FY 2002 Operations in February and
May 2002

» Reduced or deferred hiring, Adv R&D, equipment, outreach, etc
e Priority for commissioning and toward LIGO 24x7 Operations
e Full $33 million awarded for FY2003 (6 months late)

EY FY Y E Y
2002 | 2003 2004 | 2005 | 2006

($M) | ($M) ($M) | ($M) | ($M)
Operations | $24 $29 $30 $30 | $30

Advanced $4 $4 $3 $3 $3
R&D

LIGO-G030250-01-M LIGO Laboratory 33




LIGO Funding for LIGO Laboratory
Program

e NSF award for continuing LIGO operations is at a
evel less than requested

e FY2003 appropriations delayed 6 months

e Initial LIGO operations and data analysis/science is
nighest priority
e Nevertheless, the Advanced LIGO development

program has accomplished much of what was

pProposec

» The LSC has been a full partner in all of these activities
» Advanced LIGO R&D not run as a firm project though we are ready

LIGO-G030250-01-M LIGO Laboratory 34



LIGO A DevelopmentLI;ré)ject Across the

Since late 1999, we have planned the Advanced LIGO
development program as if it was part of a construction project
» Work Breakdown Structure

» (Cost estimate

»  Schedule

» Management structure

» Requirements documented and systems engineering and modeling

» Design process established

This “projectized” development program has been operating in
a serious collaborative manner across the LSC

» LSC Working Groups
— Advanced detector configurations working group
— Core optics working group
— Laser working group
— Suspensions working group

LIGO-G030250-01-M LIGO Laboratory 35



Jiko
Advanced LIGO Proposal

e R&D through final design and full prototypes now
underway

» supported by LIGO and partner funds already awarded
» a true LSC-wide activity

e Proposal requests funding for the construction
» $123 million beginning in 2005
» Some early purchases in 2004

@ International partners propose support of additional
$25.5 million v
» GEO (UK) - $11.5 million (approved)
» GEO (Germany) - $11.5 million
» ACIGA - $2.5 million McClelland

LIGO-G030250-01-M LIGO Laboratory 36



LIGO |
What are we proposing?

® Replace all three interferometers
» Provides sensitive suite of detectors during “discovery” phase
» Versatile and robust during post-detection exploration
@ Convert current 2 km interferometer in Hanford to a 4 km

Interferometer

» Emphasis placed upon sensitivity
» Cost is a fraction of one percent of the project

LIGO-G030250-01-M LIGO Laboratory 37



LIGO Phasing of Interferometer
Replacements

e Initial LIGO installation and commissioning taught us many
lessons
» How to effectively use expert teams
» How to properly phase rework and installation
» How to interleave installation with early commissioning
» How to transfer lessons from one interferometer to the others

» Properly phasing the work on the three interferometers can optimize the
progress

» Complete R&D before final installation

e Minimizing scientific “down time” is a major goal of the LSC

» How we accomplish this should be coordinated with the international network
of detectors through the Gravitational Wave International Committee

e Installation into LIGO vacuum system should take place after
prototype program retires most risk
» R&D program tests advanced prototypes fully
LIGO-G030250-01-M LIGO Laboratory 38



uco Phasing Implementation of the 3
Interferometers

e Replacing all 3 interferometers simultaneously
» minimizes duration of LIGO down time
» very expensive in expert staffing and resulting rework

e Strict serial replacement of 3 interferometers
» reduces duplication of skilled teams and tooling
» maintains at least one interferometer operating as much as possible
» stretches out period before the upgraded set of detectors is available

e Rapid and overlapping phasing of replacement/upgrade v

» Balances application of skilled teams and resources with scientific
imperative to bring set of detectors on line

e International community and scientific review will enable
us to further optimize this balance

LIGO-G030250-01-M LIGO Laboratory 39



ko
Buildup of Education and Outreach

e LIGO Lab outreach has been primarily observatory
centered

LIGO Lab renewal called for increased activity

® Supported new effort and formed a strategy and Local
Educator’'s Networks at each observatory

® This process led to a new proposal with partners for a
greatly expanded program
» Next slide has some details

@ NSF is beginning an effort to produce a “half-hour” video on
LIGO

e Advanced LIGO proposal calls for an LSC-wide
education and outreach program
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LIGO

LSC Outreach Program Startup

FY2004 — Recruit LSC Outreach Director and assistant

FY2004 — Survey all LSC education and outreach activities and develop a
descriptive survey document

FY2004 — Formation of LSC Educators Advisory Network

FY2004 — August 2004 LSC meeting hosts an additional two day LSC
Outreach Workshop at which all LSC activities are showcased and
attendees, including outside consultants and advisory network members
participate in design discussions for an enhanced, coordinated LSC
program

FY2005 — LSC Outreach Director develops detailed program plan with
review meetings and educators advisory network participation

FY2005 — March 2005 LSC meeting hosts one day LSC Outreach
Workshop to finalize and approve program plan

FY2005 — Initial elements of the plan implemented
FY2005 — Supplemental proposals to NSF are submitted as necessary

FY2006 — Initial operation of the coordinated LSC outreach programs
LIGO-G030250-01-M LIGO Laboratory 42



‘ uéo February 2003 Proposed
Education & Outreach Program

Proposal submitted to NSF Feb. 10 for major enhancement to outreach
activity:

» Collaboration of Caltech, SUBR, La Board of Regents, Exploratorium of San Francisco
Construct an educational outreach center on-site at LLO.
Place hands-on exhibits from Exploratorium in center (with subset at LHO).

Implement teacher pre-service and in-service training initiative to teach
inquiry based science techniques at SUBR — extend to LHO communities

Use LIGO staff to provide science leadership in selection of exhibits,
development of science content in teacher training programs

La Board of Regents, through La Systemic Initiative with leveraged
resources from US Dept of Education LA GEAR UP program, will facilitate
teacher training and student visits to outreach center from underserved
communities.
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LIGO
Advanced LIGO In Context

e® LIGO construction is complete
» NSF investment in LIGO now totals about $400 million
» Construction cost $292 million

» LIGO facilities represent ~ 2/3 of the construction investment and are intended
to support successive detectors

e Initial LIGO detectors are operating and have carried out
early scientific running
» Initial LIGO should accomplish its sensitive observation by late 2006

e Advanced LIGO development is defining the detailed design
and retiring risks

e The experienced LIGO team will be ready to install Advanced
LIGO in 2007

e Observations for probable gravitational wave detection can
commence in 2010
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Vo o
Mission and Strategy

e Observe gravitational waves directly
e Initiate gravitational wave astronomy

e Bring initial LIGO to design sensitivity and observe for one
integrated year at that sensitivity
» “plausible” chance to detect gravitational waves

e Upgrade detector with a very significant increment in
sensitivity
» “probable” detection of gravitational waves
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LIGO
Plenary Talks

LIGO Overview — Sanders

LIGO Commissioning and First Results — Whitcomb
Astrophysics — Thorne

Advanced LIGO — Shoemaker

Cost, Schedule and Management - Sanders

LIGO-G030250-01-M LIGO Laboratory
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Specific Charge

Is the scientific case for the needed upgrade convincing? Are the scientific
requirements achieved in a cost-effective manner?

Is the specific proposed Advanced Detector upgrade appropriate to
accomplish the scientific goals? In particular, is the decision to convert the
2-km Hanford interferometer to a second 4-km interferometer well
founded, and will the specific subsystems each meet the required
performance specifications?

Are the requested budget (including contingency) and manpower levels
appropriate to carry out the proposed upgrade?

Are the schedule and milestones achievable with the proposed resources?
Does the phasing of the downtime of detectors achieve a proper balance
of cost, manpower, and observation time?

Is the proposed management plan appropriate to oversee the R&D,
construction, installation and commissioning of the upgrade?

Has the issue of cost effectiveness in operating the more complex
Advanced LIGO system been addressed?
Is the proposed education and outreach plan well designed, and are the

proposed manpower and funds appropriate to carry it out?
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LIGO

Initial LIGO Commissioning
and First Observations

Stan Whitcomb
NSF AdvLIGO Review
Caltech
11 June 2003
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Commissioning History
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h[f], 1/Sqrt[Hz]

Strain Sensitivity for the LLO 4km Interferometer

31 January 2003 LIGO-G030014-00-E
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LIGO First Science Run (S1)

Strain Sensitivities for the LIGO Interferometers for S1
23 August 2002 - 09 September 2002 LIGO-G020461-00-E

® August 23 - September 9 167
(~4OO hourS) o171
® Three LIGO interferometers, {18
plus GEO (Europe) and -
TAMA (Japan) % e
* Hardware reliability good for = |

le-21 =

this stage in the commissioning
» Longest locked section for le22
individual interferometer: - q

21 hrs | = = LG0T SRD Goal, 2km |-

| == 1IGO 1 SRD Goal. 4km |:-
le-24

10 100 1000 10000
Frequency [Hz]

LLO-4K LHO-4K LHO-2K 3x Coinc.
Duty cycle 42% 58% 73% 24%
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LIGO  Astrophysical Searches with S1 Data

» NS-NS waveforms are well described
» BH-BH need better waveforms
» search technique: matched templates

® Compact binary inspiral: “chirps” ”\‘f:*ﬂww

® Supernovae / GRBs: “bursts”
» burst signals i incidence with signalsin
electromagn{

»  prompt alarn

® Pulsarsin ourt

» search for ob:
(frequency, doppler shift)

» all sky search (computing challenge)
» r-modes

® Cosmological Signals ‘stochastic background” |G

LIGO-G030280-00-D AdvLIGO Review -- June 2003




LIGO Compact Binary Coalescence

Inspiral Merger Ringdown
L ‘} | . » Search: matched templates

7 Neutron Star — Neutron Star‘

» BInCK HUIU e L)laur\ | IUIC

h — need better waveforms
| time |

le——known————= supercomputer=——known——

~1000 cycles simulgtions
~1min

® Discrete set of templates labeled by
(m1, m2)
» 1.0 Msun < m1, m2 < 3.0 Msun
» 2110 templates
» At most 3% loss in SNR

LIGO-G030280-00-D AdvLIGO Review -- June 2003 6

— waveforms are well descrlbed »



LIGO

Results of S1 Inspiral Search

Number of inspirals {arbiirary units)

1200

- Population seen in H1
Papulation secnin L1

1000
800
600
400 +

200

0 50 100
Effective Distance (Hp<)

» Japanese TAMA -
» Caltech 40m -

180

® Theoretical prediction

Simulated Galactic Population

= Population includes Milky Way,
LMC and SMC

=L MC and SMC contribute
~12% of Milky Way

LIGO S1 Upper Limit
R <160/yr/ MWEG

R < 30,000/ yr/ MWEG
R < 4,000/ yr/ MWEG

R< 2x10~/yr/ MWEG

Detectable Range for S2 data will reach Andromeda!
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LIGO Burst Sources

Supernova 1987A Rings

= Known sources -- Supernovae & GRBs

» Coincidence with observed electromagnetic
observations.
» No close supernovae occurred during the
first science run

» Second science run — We are analyzing A
& . 4 - /5. Wide Field Planetary C
the recent very bright and close GRB030329 Eaus e PR

= Unknown phenomena
» Emission of short transients of gravitational
radiation of unknown waveform (e.g. black
hole mergers).

LIGO-G030280-00-D AdvLIGO Review -- June 2003 8



LIGO

‘Unmodelled’ Burst Search

GOAL search for waveforms from sources for which we cannot
currently make an accurate prediction of the waveform shape.
METHODS ‘Raw Data’—p| Time-domain high pass filter
|
|
v v
Time-Frequency Plane Search Pure Time-Domain Search
‘TFCLUSTERS’ ‘SLOPE’
"1

—

frequency

-5

u

0.125s

—» time

) i‘ ||'\ DATA

— 610us=-—

LIGO-G030280-00-D

AdvLIGO Review --

June 2003 9



LIGO Determination of Efficiency

Detector efficiency vs amplitude, average over sources. GA tau=1.0ms

To measure our Eff1i<c:iency measured for ‘tfclusters’ algori’thm
efficiency, we must g ==
pick a waveform. i
0.8- / ]
1ms Gaussian burst .
e 0.6- ]
o
o o O
R £
o © |
i 04+ ---- LLO4K I
= — <|LO4K>
g ---- LHO4K
© 0.2 — <|LHO4K> |
0 ' ---- LHO2K
0’7 - 10 — < HO2K>
time (ms) — LLO4K*LHO4K*LHO2K
0 azt . = | 7 FE I T
107° 107 107° 107°

waveform peak amplitude (strain)
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LIGO

Upper Limit

1ms gaussian bursts

rate (events/day)

10

Result is derived using ‘TFCLUSTERS’ algorithm

90% confidence

Piiil

|

10" 107'°

14

10" 10

waveform peak amplitude (strain)

LIGO-G030280-00-D

AdvLIGO Review -- June 2003

Upper limit in strain
compared to earlier
(cryogenic bar) results:

« IGEC 2001 combined bar
upper limit: < 2 events per
day having h=1x10-20 per Hz
of burst bandwidth. For a
1kHz bandwidth, limit is

< 2 events/day at h=1x10-17

« Astone et al. (2002),
report a one sigma excess of

one event per day at strain
level of h ~2x10-18



LIGO Periodic Sources

* Pulsars in our galaxy:
» search for observed neutron stars
» all sky search (computing challenge)
» r-modes

Spin 0xis precesees " Frequency modulation of signal
with frequency f_ : _
due to Earth’s motion

® Amplitude modulation due to
the detector’s antenna pattern.

LIGO-G030280-00-D AdvLIGO Review -- June 2003



I;".‘IGO Directed Search in S1

NO DETECTION EXPECTED

T - R A B at present sensitivities
S10-15 Crab Pulsar L 4K (05,0808 _J

Predicted signal for rotating
neutron star with equatorial
ellipticity e=6M1: 103, 104,
10° @ 8.5 kpc.

PSR J1939+2134
frequency (Hz) 1283.86 Hz




LIGO Two Search Methods

Frequency domain Time domain

- Best suited to target
known objects, even if

phase evolution is
« Maximum likelihood complicated

detection method +
frequentist approach

- Best suited for large
parameter space searches

- Bayesian approach

First science run --- use both pipelines for the
same search for cross-checking and validation

LIGO-G030280-00-D AdvLIGO Review -- June 2003 14



LIGO Results: PSR J1939+2134

® No evidence of continuous wave emission from PSR J1939+2134.
® Summary of 95% upper limits on h:

IFO Frequentist FDS Bayesian TDS
GEO (1.94+0.12) x 1021 (2.1 £0.1) x 102
LLO (2.83+0.31) x 10-22 (1.4 £0.1) x 10-22

LHO-2K  (4.71+0.50) x 1022 (2.2 +0.2) x 1022
LHO-4K  (6.42+0.72) x 1022 (2.7 £0.3) x 102

* Best previous results for PSR J1939+2134:
h, <1020 (Glasgow, Hough et al., 1983)

LIGO-G030280-00-D AdvLIGO Review -- June 2003 15



LIGO Early Universe
stochastic background

‘Murmurs’ from the Big Bang

VES A N EARTH
Juumm_,.,:_'b_u n EUTRIN . -
o P e 0ANOS  [HOTO  Now Cosmic
— = g EATa e ol wial’d e’ L_J > -
< YLn, J_I-:‘:L‘-:ln' A o,
L cvvamansa AR AR Microwave
8l % f~.ru.w‘-f-.r-.ru1.-ﬁ.,-'-f-uﬁ.rv-m;v:.a's.-;::'f'..-':u.f%;u%u i .{;g .
b — e UL, nnLnmUnUUu, . :-,.:'-:J"jr'j”:r'i:—lh LT :
58 s ARRARRRA AN G background
e e AU STRUAT R A o o .
o0 @ AU _,r'-__r'-.J"'-'"'-"-"""'L"“"r'J JJ:J;U" " ! ;-f"‘l‘v; g 10 billion -
A pntn 100.000 YEARS SASKATOON
PlagggTiggNDS 1 SECOND YEARS . 3 YEAR DATA
10° =
Singularity
creates
Space & Time COBE DMR

4 YEAR DATA

of our universe
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LIGO Stochastic Background

® Strength specified by ratio of energy density in GWs to total energy
density needed to close the universe:

e do
Qg (f) = e
2 pcritical d(lnf)

® Detect by cross-correlating output of two GW detectors:

Hanford - Livingston Hanford -Hanford 0 1 2 3
150 wen0e 2 4.6 8 15 l [osa
100 : 10 ; } - oL
50 % I [ 5 }} L
S 0. H | % ¢ 4 s 0 H | { I
o 1T I8 T —
-100 J -10 1 T
—~ 04020 0.20.4 Points per bin -6-4-20 2 4 6 Points perbin
ot(sec ) (AQ = 50 per bin) dt(sec ) (AQ = 4 per bin)
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LIGO  Preliminary Limits: Stochastic Search

Interferometer Pair 90% CL Upper Limit .
LHO 4km-LLO 4km Qo (40Hz - 314 Hz) < 72.4 62.3 hrs
LHO 2km-LLO 4km Qg (40Hz - 314 Hz) < 23 61.0 hrs

* Non-negligible LHO 4km-2km (H1-H2) instrumental cross-correlation;

currently being investigated.

® Previous best upper limits:
»  Measured: Garching-Glasgow interferometers : QGW( 1) <3><105
» Measured: EXPLORER-NAUTILUS (cryogenic bars): QGW(907HZ) <60

LIGO-G030280-00-D AdvLIGO Review -- June 2003 18



LIGO

Stochastic Background
sensitivities and theory
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h[f], 1/Sqrt[Hz]

Strain Sensitivity for the LLO 4km Interferometer
31 January 2003 LIGO-G030014-00-E

le-16

............

A e T ED I BOER It Bl

16'18 T : .' : : : _ TRl ‘. TEEETEEER , 1T :

............................................

le-19

620 AW i :

.......

le-21

18 May 2001
21 December 2001
13 June 2002

07 September 2002 (S1) I

06 January 2003
LIGO I SRD Goal, 4km

le-22

le-23

16_24 E . v 3 B ) 5 : : S : § : 5 ¢« e s
10 100 1000 10000
Frequency [Hz]



LIGO Changes Between S1 and S2

® Digital Suspensions installed on LHO-2K and LLO-4K
» New coil drivers & realtime control code for suspensions
» Lower noise, switchable dynamic range (200 mA acquisition, 5 mA running)

» Separate DC biases for alignment
» Better filtering, diagonalization and control/sequencing features

® Optical lever improvements
» Structural stiffening (designed for thermal/kinematic stability, not low
vibration)
» Improved filtering to take advantage of reduced resonances

» Pre-ADC "whitening" for improved dynamic reserve

® More Power
» Enabled by better alignment stability
» Also required control of "I-phase" photocurrent (overload)
» Now ~ 1.5 W into mode cleaners, ~ 40 W at beamsplitter (R~40)
» Only 10-20 mA average DC photocurrent at dark ports !! (optics very good)

LIGO-G030280-00-D AdvLIGO Review -- June 2003



LIGO Second Science Run (S2)

® February 14 — April 14, 2002 (~ 1400 hours)
® Three LIGO interferometers and TAMA (Japan)

® Steady improvement in sensitivity continues
» Approximately 10x improvement over ST

® Duty cycle similar to ST

» Increased sensitivity did not degrade operation
» Longest locked stretch ~ 66 hours (LHO-4K)

LLO-4K LHO-4K LHO-2K 3x Coinc.

Duty cycle (cf. S1) | 37% (42%) | 74% (58%) | 58% (73%) | 22% (24%)

LIGO-G030280-00-D AdvLIGO Review -- June 2003 24



LIGO Stability improvements for S2

® \Wavefront sensing (WFS) for alignment control

» Uses the main laser beam to sense the proper alignment for the
suspended optics

» Complex! 10 coupled degrees of freedom,
— Sensing degrees-of-freedom different from control degrees-of-freedom

® S1:

» All interferometers had 2 degrees-of-freedom controlled by WFS
. 52

» LHO-4K: 8 of 10 alignment degrees-of-freedom under feedback
control

*Now:
»All 10 degrees-of-freedom controlled by WFS

LIGO-G030280-00-D AdvLIGO Review -- June 2003



LIGO

Virgd‘leuster

S2 Sensitivity and Stability
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Major On-going

LIGO Commissioning Activities

Seismic retrofit at LLO
Finish wavefront sensing alignment system
RFI cleanup, linear power supplies
Shot noise sensitivity
» Thermal lensing
» Increase of number of photodiodes
® Acoustic coupling
® Numerous smaller tasks

LIGO-G030280-00-D AdvLIGO Review -- June 2003 27



LIGO Seismic Isolation Upgrade

* The Seismic Isolation System at LLO needs to be
upgraded

» Seismic noise environment much worse below 10 Hz than originally

planned (logging largest factor, but also train, other anthropogenic
noise)

» Plan is to add an active, external pre-isolation (EPI) stage without
disturbing the alignment of the installed optics

® Current Plan:

» Continue prototype testing at MIT, including testing VME based
controls

» Review held for 4/18; management decision on how to proceed
pending

» Order components, fabricate and assemble; fabrication/assembly
phase lasts ~5.5 months

» Installation starts ~Jan ‘04 and should complete ~Apr ‘04

LIGO-G030280-00-D AdvLIGO Review -- June 2003 28



LIGO Seismic Isolation Testing at MIT

Hydraulic External electro-Magnetic External o
Pre-Isolator (HEPI) Pre-lsolator (MEPI)

LIGO-G030280-00-D AdvLIGO Review -- June 2003 | : 29



LIGO Shot Noise Sensitivity

H2 Sensitivity durlng S2

10 g BR=RR=RE4R=N=N RERRRRRERED AN T T T 1o e L e
U Hh R ii&iizii Fab 803 referance
® Simplistic power . T 3 ----------- ------ - gﬁso"me'msomo
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power would give factor 3 o
. - b1 i
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LIGO Optical characterization

® Good news: optics quality is (almost all) good

» Recycling gain meets or exceeds goals (design was >30)

— LLO-4K: Gain of nearly 50 seen, more usually about 45
— LHO-4K : Gain of 40-45

» Contrast defect meets or exceeds goals (design was < 103)
— LLO-4K : P,/ P, =3x 108
— LHO-4K : P,/ P, =6 x 10

» LHO-2K: Cause of low recycling gain (20) discovered
— Bad AR coating on ITMX,"sssthe.replaced

has been
® Low RF sideband gain/efficiency
» LHO-4K : Sideband power efficiency to AS port: ~6%
» Cause: thermal lensing in the ITMs isn’t at the design level
» Achieving shot noise goal requires that this be fixed

LIGO-G030280-00-D AdvLIGO Review -- June 2003
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LIGO Thermal Lensing

® RF sideband efficiency is low

» Power recycling cavity slightly
unstable: lack of Input Test Mass
(ITM) thermal lens makes g,-g, > 1

» Recycling Mirror (RM) curvature
relies on point design for thermal
lensing

» Heating differs from design value

® Possible solutions

Arm power

|

| 1B
1|
|

—— Ch 1:H1:L.SC-LA_PTRT_NORM
Ch 2:H1:LSC-LA_SPOB_NORM

RF sidebands
in PRV

Bad mode overlap

DC Intensity [W/mm?]

» Change RM (w/ new radius of s
curvature); 6 month lead time 2

» Add the missing heat to ITMs
with another source (AdvLIGO
or GEO technique) 2

Total DC = 6.25¢-004 W

» Pursued in parallel with other %
commissioning activities

| X [mm]

DC (carrier)

LIGO-G030280-00-D AdvLIGO Review --

June 2003

2003-01-17 16:47:17 -01-17 17:07:17 2003-01-17 17:27:16

mITM Heating

RF Intensity [W/mm?]
' " Total RF = 2706005 W

0
X [mm]

RF sidebands
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LIGO

Acoustic Peaks: Scattering/clipping

Magnitude

Peaks occur in 80-1000 Hz band, at 10-100x required level
Source for LHO correlated noise (stochastic search)
Investigating:

» Acoustic isolation improvements

> Modify output periscopes/mirror mounts: stiffer, damped

> Active beam direction stabilization ]

» Eliminate electro-optic shutters Acoustic
Excnauons

A

A

v

T T
HO:PEM-BSC7_MIC(REFO
———— HO:PEM-HAM1_MIC(REF1
H1:LSC-AS_Q(REF2)

Frequency (Hz)



LIGO Summary

® Commissioning of detectors progressing well

» Steady progression on all fronts: sensitivity, duty cycle, stability, ...
» Next Science Run: Nov 2003 — Jan 2004

® First Science analyses underway

» S1 results demonstrate analysis techniques, S2 data (and beyond)
offer a real possibility to detect gravitational waves

» Developing synergy between detector commissioning and data
analysis efforts

» Four analysis papers (and one instrumental one...) in final stages
of preparation

® Design performance (both sensitivity and duty cycle)
should be achieved next year
» Still a lot to do, but no showstoppers

LIGO-G030280-00-D AdvLIGO Review -- June 2003






LIGO

ASTROPHYSICS

Kip S. Thorne
CaRT, California Institute of Technology

NSF Advanced LIGO Review
Pasadena, 11 June 2003
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LIGO

Source/Sensitivity Plots

Conventions on

® Assume the best

search
algorithm now
known

® Set Threshold
so false alarm
probability = 1%
» For rare broadband
signals: on tail of
Gaussian; increase
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0.01% false alarm
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LIGO

Overview of Sources

® Neutron Star &
Black Hole

Binaries

» inspiral

» merger &
® Spinning NS’s

» LMXBs —

» known pulsars
» previously unknown

e NS Birth (SN, AIC)

» tumbling
convection
e Stochastic
background
» big bang
» early universe

»

-23 |
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Lico Neutron Star/ Neutron Star Inspiral
| (our most reliably understood source)

<

1.4 Msun /1.4 Msun
NS/NS Binaries

Event rates

» V. Kalogera, R. Narayan, 23
D. Spergel, J.H. Taylor 10 77}
Astrophys J, 556, 340 (2001)

Initial IFOs

» Range: 20 Mpc

» 1/3000yrs to 1/4yrs 4,24 ~ Y
Advanced IFOs - — . S
» Range: 350Mpc 10 20 50 100 200 500 1000

» 2/yr to 3/day frequency, Hz



LIGO Science From Observed Inspirals:

NS/NS, NS/BH, BH/BH
./’—\. hy LA M fx HIMHHIH nHIHu Ml il
b LLULTLELLAHI TR li time " |

e Relativistic effects are very strong -- e.g.

» Frame dragging by spins = precession = modulation

» Tails of waves modify the inspiral rate

® Information carried:

» Masses (a few %), Spins (?few%?), Distance [not redshift!] (~10%),
Location on sky (~1 degree)

_ ..3/5 pp2/5 -3
e Mchirp—},t M to ~10

® Search for EM counterpart, e.g. y-burst. If found:

» Learn the nature of the trigger for that y-burst

» deduce relative speed of light and gw’s to ~ 1 sec / 3x10° yrs ~ 100 ¥



LIGO

Neutron Star / Black Hole Inspiral

and NS Tidal Disruption
"~ 7N - "'
Q/P\.
/\_/\ P,

1.4Msun/ 10 Msun
NS/BH Binaries

Event rates

» Population Synthesis
[Kalogera’s summary]

Initial IFOs

» Range: 43 Mpc
» 1/5000vyrs to 1/3yrs

Advanced IFOs

» Range: 750 Mpc
» 1/yr to 4/day

-24 N Numerical Simulations

. ~

<~ NS Radius to 15%
-Nuclear Physics-

NEED: Narrow-banded,

10 20 50 100 200

frequency, Hz

500 1000



Lico Black Hole / Black Hole Inspiral

10Msun /10 Msun
BH/BH Binaries

Event rates

» Population synthesis
[Kalogera’s summary]

Initial IFOs
» Range: 100 Mpc
» ~1/250yrs to ~2/yr

Advanced IFOs -
» Range: z=0.45 [1.7 Gpc]
» ~1/ month to ~1/hour

Strain h(f) , Hz_]/2

and Merger

—h
oI

il

OI
N
w

10724

N
N

10 20 50 100 200 500 1000
frequency, Hz



LIGO BH/BH Mergers: E.xploring the
Dynamics of Spacetime Warpage

Inspiral Merger Ringdown

= known——= supercomputer=——known——=

~1000 cycles simulations
~1 min ?

f

&

To interpret

Observed waves:

Compare with
Numerical
Relativity

Simulations )

\

9



Probing Intermediate Mass BH's

MGO with Small BH’s

In globular clusters: BH-BH capture formation, merger,
formation, merger, ... in globular clusters = intermediate-
mass BH: 100 - 1000 Msun [Cole Miller]

Plunge of few Msun BH into few ~100 Msun BH

Ringdown studies:
~ 10 per year with
M/m > 60; more for
smaller M/m



Massive BH/BH Mergers

GO
¥ with Fast Spins - Advanced IFOs

g
~
e,

—T ™

o

I
Lower Frequency

05 |

0.3 |
0.2 |

0.1 ¢

Cosmological Redshift, :

1 10 100 1000
Binary's Total Mass, M,



LIGO  Spinning NS’s: Pulsars in Our Galaxy

NS Ellipticity:

» Crust strength or B strength

£5107 10722] ™

Known Pulsars:
» First Interferometers:
£2 3x1070 (1000Hz/f) x

(distance/10kpc) 10723|

» Broadband Advanced
€ 2 5x1077 x (distance/10kpc)

10724

Crab Spmdo

Upper L1m1t

-
o=="
"
-

-
”

........
o
-

=

| B cf.*' s |
10 20 50 100 200 500 1000

frequency, Hz

12



Lico SpPinning NS’s: Pulsars in Our Galaxy
[narrow-banded interferometer]

Plausible: €510
Known Pulsars 1022
Unknown: All gN
Sky search T . 23
—~10
=
1024
25 Rt ent 2P k
10
100 200 400 700 1000 2000
Frequency (Hz)
i BS
PRM ITM

- ﬁe by moving Signal Recycling Mirror

SAM [T 13




LIGO Spinning Ngutr_on _Stars:
Low-Mass X-Ray Binaries in our Galaxy

Rotation rates ~250 to ~600
revolutions / sec
»  Why not faster?

» Bildsten: Spin-up torque 29

balanced by GW emission 10
torque

If so, & steady state: observed
X-ray flux =» GW strength

| 1072
Combined GW & EM

obs’s = information about:

» crust strength & structure,
temperature dependence of
viscosity, ... 10

3|

e ——————

6..?
Signal strengths for\] .,'

| | 20 days qf integration |
10 20 50 100 200 500 1000

frequency, Hz




LIGO - NS Birth: |
Tumbling Bar; Convection

Born in:
» Supernovae
» Accretion-Induced Collapse of White Dwarfs

If very fast spin:
» Centrifugal hangup
» Tumbling bar - episodic? (for a few sec or min)

» If modeling gives enough waveform information,
detectable to:

— Initial IFOs: ~5Mpc (M81 group, ~1 supernova/3yr)
— Advanced IFOs: ~100Mpc (~500 supernovae/yr)
If slow spin:
» Convection in first ~1 sec.

» Advanced IFOs: Detectable only in our Galaxy
(~1/30yrs)

» GW / neutrino correlations!




LIGO

Complementarity of LIGO & LISA

LIGO

e High-frequency band: ~10Hz
to ~1500Hz (analog of optical
astronomy)

e Neutron-star studies:

» Tidal disruption by BH

» Low Mass X-Ray Binaries

» Pulsar Spins

@ Study stellar mass BH’s
(~3 Msun to ~1000 Msun)

e Study merger of NS and BH
binaries in distant galaxies

e Study early universe at age
~1072° sec (~109 Gev)

LISA

Low-frequency band: ~0.0001
Hz to ~0.1 Hz (analog of radio
astronomy)

Cannot study neutron star
physics

Study supermassive BH’s
(~100,000 to 10,000,000 Msun)

Study White dwarf, NS, and BH
binaries in our galaxy, long
before merger

Study early universe at age

~10712 sec (~100 GeV)
16



LIGO Stochastic Background
from Very Early Universe

e GW’s are the ideal tool for probing the very early
universe -- “messenger” from first one second

ITATION A
| L
Waves NEUTRIN os Fh EARTH
(DE M %"C‘)'C%S N()W
o0 ‘ - 0% .
' 8 APNIIOANE, -
O
s Z ¥ -
0~ 10 billion
Planck Time 1 SECOND 1\(()[(3)/3(.)90%
10-43SECONDS
Singularity o
creates ® Present limit on GWs

Space & Time » From effect on primordial nucleosynthesis
of our universe

» | Q= (GW energy density)/(closure density) <107

17



LIGO Stochastic Background
from Very Early Universe

® Detect by

» Cross correlating output
of Hanford & Livingston
4km IFOs 10'22 )

® Good sensitivity
requires

» (GW wavelength) >
2x(detector separation)_| 0_23

» <40 Hz

Initial IFOs detect if
» Q=107

Advanced IFOs: 1077 - -
> 21x10° |with 10 20 50 100 200 500 1000
reduced power & 3 month search frequency, Hz 18




LIGO GravlWaves from Very Early Universe.
Unknown Sources

e Waves from standard inflation: Q~10"12: much too weak

® BUT: Crude superstring models of big bang suggest waves ~>ps—
might be strong enough for detection by Advanced IFOs

e Bursts from cosmic strings: possibly detectable by Initial IFOs

® Energetic processes at (universe age) ~ 1072° sec and
(universe temperature) ~ 102 Gev =& GWs in LIGO band
» phase transition at 10° Gev

» excitations of our universe as a 3-dimensional “brane” (membrane)
in higher dimensions: [C. Hogan]

— Brane forms wrinkled W

— When wrinkles “come inside the cosmological horizon”, they
start to oscillate; oscillation energy goes into gravitational waves

— LIGO probes waves from wrinkles of length ~ 101%t0 1013 mm
— If wave energy equilibrates: possibly detectable by initial IFOs

e Example of hitherto UNKNOWN SOURCE

19




Conclusions

e LIGO’s Initial Interferometers bring us into the realm
where it is plausible to begin detecting cosmic
gravitational waves.

® With LIGO’s Advanced Interferometers we can be
confident of:

» detecting waves from a variety of sources

» gaining major new insights into the universe, and
into the nature and dynamics of spacetime
curvature, that cannot be obtained in any other way

20






LIGO

Overview of Advanced LIGO

David Shoemaker
NSF Review of Advanced LIGO
11 June 2003

LIGO Laboratory

G0300260-00-M



LIGO Advanced LIGO

® LIGO mission: detect gravitational
waves and

initiate GW astronomy

® Next detector

» Should have assured detectability
of known sources

» Should be at the limits of
reasonable extrapolations of
detector physics and technologies

» Must be a realizable, practical,
reliable instrument

» Should come into existence
neither too early nor too late

=P Advanced LIGO

LIGO Laboratory 2

G0300260-00-M



LIGO N
Initial and Advanced LIGO

—

Factor 10 better amplitude ““-~.\{}‘l‘jijj'Ei;‘;i‘t“’“ ¥Crab Spindown
sensitivity ‘
» (Reach)® = rate |
Factor 4 lower frequency 4422
bound |
NS Binaries: for three N
interferometers, =
» Initial LIGO: ~20 Mpc <
»  Adv LIGO: ~350 Mpc
BH Binaries:
» Initial LIGO: 10 M, 100 Mpc
» Adv LIGO : 50 M,, z=2

Stochastic background:

Upper Limit

.
.
.
.
.
.

~\‘\\ N/

10" %3

> Initial LIGO: ~3e-6 vy IOV N
» Adv LIGO ~3e-9 s mwbnvageser R
10 20 50 100 200 500 1000

G0300260-00-M frequency, Hz



LIGO Anatomy of the projected
Adv LIGO detector performance

1021

Newtonian background, — \ \ \
estimate for LIGO sites N ‘

_ _ 10-22
Seismic ‘cutoff’ at 10 Hz —

Suspension thermal noise

-
s
\\\\\

Test mass thermal noise =~ 10-23

Unified quantum noise
dominates at

most frequencies for full
power, broadband tuning {24 \

10 Hz 100 Hz 1 kHz
@® Advanced LIGO's Fabry-Perot Michelson Interferometer is a platform for all
currently envisaged enhancements to this detector architecture

LIGO Laboratory 4

G0300260-00-M



LIGO Design features

40 KG SAPPRI(FRME
TEST MASSES

—— ACTIVE

ISOLATION
INPUT MODE

CLEANER

QUAD SILICA

ACTIVE T . SUSPENSION
THERMAL &

180 W LASER, CORRECTION ™ 7=0.5%
MODULATION SYSTEM .,

LASER MOD. AL%/

PRM Power Recycling Mirror QUTPUT MODE
BS Beam Splitter CLEANER
ITM Input Test Mass

ETM End Test Mass PD
SRM Signal Recycling Mirror @
PD Photodiode GW READOUT

LIGO Laboratory
G0300260-00-M



LIGO

40 KG SAPPRIRE [
TEST MASSES

ACTIVE

ISOLATION
INPUT MODE
CLEANER |
———
QUAD SILICA
ACTIVE " SUSPENSION
THERMAL ' :
CORRECTION ™ T=0-5% .
.
MOD. 4\1#125“’2

ETM
T--6%
T

OQUTPUT MODE
CLEANER

i
GW READOUT

LIGO Laboratory i

G0300260-00-M



LIGO Pre-stabilized Laser

® Require the maximum power compatible with optical materials
» 1999 White Paper: 180 W at output of laser, leads to 830 kW in cavities
» Continue with Nd:YAG, 1064 nm

» 2002: Three approaches studied by LSC collaboration — stable/unstable slab
oscillator (Adelaide), slab amplifier (Stanford), end-pumped rod oscillator
]gLaser Zentrum Hannover (LZH)); evaluation concludes that all three look
easible

» Choose the end-pumped rod oscillator, injection locked to an NPRO ™
» 2003: Prototyping well advanced — V2 of Slave system has developed 87 W 3

- —  Output “{{O

FoeEoM
g T L
A modemaching < YAG Ne:YAG
) optics g N,  3x2x
f _ D rY\ / \ : ,fj, L.
AW e Y
HR@1064 . f 2f . f , YAG/Nd:YAG/YAG \ /
HT@gs0o8 I - 1 3x 7x40x7
High Power Slave 20 W Master,

G0300260-00-M



LIGO Pre-stabilized laser

Overall subsystem system design
similar to initial LIGO

» Frequency stabilization to
fixed reference cavity,

10 Hz/Hz'2at 10 Hz required | R
(10 Hz/Hz'? at 12 Hz seen in initial LIGO) »— 4
» Intensity stabilization to in-vacuum photodiode,
2x10° AP/P at 10 Hz required (1x10-® at 10 Hz demonstrated)

Max Planck Institute, Hannover leading the Pre-stabilized laser
development — Willke

» Close interaction with Laser Zentrum Hannover

» Experience with GEO-600 laser, reliability, packaging

» Germany contributing laser to Advanced LIGO

LIGO Laboratory

G0300260-00-M




Input Optics, Modulation

INPUT MODE
CLEANER

G0300260-00-M

40 KG SAPPHIME [
TEST MASSES

ACTIVE
THERMAL
ORRECTION ™

ACTIVE
ISOLATION

QUAD SILICA
SUSPENSION

T=0.5%

OUTPUT MODE
CLEANER

GW READOUT

LIGO Laboratory




LIGO Input Optics

Provides phase modulation for length, angle control (Pound-Drever-Hall)
Stabilizes beam position, frequency with suspended mode-cleaner cavity
Matches into main optics (6 cmm beam) with suspended telescope

1999 White Paper: Design similar to initial LIGO but 20x higher power

Alignment Control
Mode Matching
Telescope Into
Core Optics /

Beam Steering

vostabtlization

to |oasen [D

Challenges:
» Modulators
» Faraday Isolators

I'araday
Isolation

Faraday
Isolation

I
I
N | inter-
[ aser RF | ferometer

Modulation :

f;ff‘r %f |

I

Mode Interterometer Intensiny I

| Cleaner Length’Alignment SMNIUMWHI
Control R
L0 Eaker

| == !

v stablization
G0300260-00-M from leneth sensing



LIGO  |nput Optics

University of Florida leading
development effort -- Reitze

» As for initial LIGO

2002: High power rubidium tantanyl
phosphate (RTP)

electro-optic modulator developed
» Long-term exposure at Advanced ro, 2| LG oG - Pal
LIGO power densities, with no <A .Z/ >
degradation »— P, = —
2003: Faraday isolator from TP, ¥ L "
. S rotator
|AP-Nizhny Novgorod
» thermal birefringence 20
Compensated j(S) Conventional.FI
» Ok to 80 W — more powerful lsolation . | L os *F
test laser being installed at B et
Livingston At m ow omoom
50 lee Compensaed Design
-55
0 20 40 60 80 100
Laser Power (W) 11

G0300260-00-M



Test Masses

40 KG SAPPRI(RE: |
TEST MASSES

— ACTIVE

ISOLATION
INPUT MODE

CLEANER

QUAD SILICA

ACTIVE SUSPENSION

THERMAL ™

CORRECTION ™ T=0.5% .
%

LASER MOD. ‘JVJ/ 125W

F’E:M
200 W LASER, T-6%
MODULATION SYSTEM

OUTPUT MODE
CLEANER

GW READOUT

LIGO Laboratory 12

G0300260-00-M



LIGO  Test Masses / Core Optics

® Absolutely central mechanical and
optical element in the detector

» 830 kW; <1ppm loss; <20ppm scatter
» 2x108 Q; 40 kg; 32 cm dia
® 1999 White Paper: Sapphire as test

mass/core optic material;
development program launched

® Low mechanical loss, high density,
high thermal conductivity all desirable
attributes of sapphire

® Fused silica remains a viable fallback

option
® Significant progress in program Full-size Advanced LIGO
» Industrial cooperation sapphire substrate

» Characterization by very active

LSC working group
LIGO Laboratory 13

G0300260-00-M



LIGO Core Optics

Compensation Polish

149

2002: Fabrication of Sapphire:

» 4 full-size Advanced LIGO boules grown ¥
(Crystal Systems); 31.4 x 13 cm; two acquired

2003: Mechanical losses: requirement met »>
» recently measured at 200 million (uncoated)
2002: Bulk Homogeneity: requirement met
» Sapphire as delivered has 50 nm-rms distortion .
» @Goodrich 10 nm-rms compensation polish B
2001: Polishing technology:

» CSIRO has polished a 15 cm diam sapphire piece:
1.0 nm-rms uniformity over central 120 mm
(requirement is 0.75 nm)

2003: Bulk Absorption:
» Uniformity needs work
» Average level ~60 ppm, 40 ppm desired Yo'

» Annealing shown to reduce losses o ® @ ® w m x 10 1
G0300260-00-M after

120

60 A




LIGO

INPUT MODE
CLEANER

Mirror coatings

LASER

MOD.

40 KG SAPPRIIRE
TEST MASSES

ACTIVE

THERMAL .
CORRECTION

ACTIVE
ISOLATION

c

QUAD SILICA

SUSPENSION

R

G0300260-00-M

200 W LASER,

MODULATION SYSTEM

OuUTPUT MODE
CLEANER

GW READOUT

LIGO Laboratory
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LIGO Test Mass Coatings
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