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Charge to the LIGO Review Panel

February 26 — March 1, 2001

The NSF Grant Proposal Guide (http:/www.nsf.gov/pubs/2001/nsf()12/toc.html) contains
instructions and guidelines for individual investigator proposals. The National Science
Board approved review criteria are included in the section from the Proposal Guide
reproduced below and they should be followed in this review:

I11. NSF Proposal Processing and Review

Proposals received by the NSF Proposal Processing Unit are assigned to the appropriate
NSF program for acknowledgement and, if they meet NSF requirements, for review. All
proposals are carefully reviewed by a scientist, engineer, or educator serving as an NSF
Program Officer, and usually by three to ten other persons outside NSF who are experts
in the particular fields represented by the proposal. Proposers are invited to suggest
names of persons they believe are especially well qualified to review the proposal and/or
persons they would prefer not review the proposal. These suggestions may serve as one
source in the reviewer selection process at the Program Officer’s discretion. Program
Officers may obtain comments from assembled review panels or from site visits before
recommending final action on proposals. Senior NSF staff further review
recommendations for awards.

A. REVIEW CRITERIA

The National Science Board approved revised criteria for evaluating proposals at its
meeting on March 28, 1997 (NSB 97-72). The criteria are designed to be useful and
relevant across NSF’s many different programs, however, NSF will employ special
criteria as required to highlight the specific objectives of certain programs and activities.

On September 20, 1999, the NSF Director issued Important Notice 125, Merit Review
Criteria. This Important Notice reminds proposers of the importance of ensuring that, in
addition to the criterion relating to intellectual merit, the criterion relating to broader
impacts is considered and addressed in the preparation and review of proposals submitted
to NSF. The Important Notice also indicates NSF’s intent to continue to strengthen its
internal processes to ensure that both criteria are appropriately addressed when making
funding decisions.

The merit review criteria are listed below. Following each criterion are considerations
that the reviewer may employ in the evaluation. These considerations are suggestions and
not all will apply to any given proposal. While reviewers are expected to address both
merit review criteria, each reviewer will be asked to address only those considerations
that are relevant to the proposal 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?

PIs should address the following elements in their proposal to provide reviewers with the
information necessary to respond fully to the above-described NSF merit review criteria.
NSF staff will give these elements careful consideration 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 to the LIGO Review Panel.

The proposal includes three major activities; operations of the LIGO facilities; scientific
research; detector research and development. To address this wide range of activities,
the Review Panel will be divided into two sub-panels. The first will concentrate on
detector research and development. The second will concentrate on operation of the
LIGO facilities and scientific research. The broader issues of scientific merit and the
overlap in manpower and other resources assigned to the three activities will require both
sub-panels to consider the total proposal in their evaluations.

A. Detector Research and Development Sub-Panel

This sub-panel will concentrate on detector research and development to improve the
science reach of the LIGO observatories. A major contribution to this R&D program is
provided by members of the LSC at institutions other than Cal Tech and MIT. Funds to
support those LSC member research programs are provided directly to the LSC
institutions.

e While this sub-panel is not charged with reviewing each of the LSC proposals, it is
asked to evaluate the total detector R&D plan as presented by the LIGO Laboratory
in this proposal. Are the LSC R&D activities (including Cal Tech and MIT)
appropriate to achieve the scientific goals of the proposal and are they well-
coordinated?

e The Sub-Panel should review the schedule and milestones for progress in the
detector R&D program. Is the schedule achievable with the available and proposed
resources and are there sufficient significant milestones provided?

e The sub-panel is asked to review the LIGO Laboratory R&D program (Cal Tech and
MIT) in detail, including manpower allocation and budget.

The final report of this Sub-Panel is to be completed at this meeting so that it can be
made available to the Operations and Scientific Research Sub-Panel before the meeting
of that sub-panel.



B. Operations and Scientific Research Sub-Panel

The activities to be reviewed by this sub-panel include completion of installation and

commissioning of the interferometers, operation of the facility for engineering and

science runs, creating and maintaining the infrastructure for data acquisition and analysis
by the LIGO Scientific Collaboration (LSC), and scientific research proposed by the

LIGO Laboratory. The Sub-Panel is asked to review and evaluate the proposal with

regard to each of the following items:

e Is the proposed budget for LIGO Laboratory operations and the scientific research
program justified and adequate to carry out the activities listed above?

e Is the proposed LIGO Laboratory infrastructure, including manpower and facilities,
adequate for effective participation in the science by the LSC members?

e Are the schedule and milestones for LIGO Laboratory commissioning and for
proposed engineering and scientific running achievable with the available and
proposed resources. Are there sufficient significant milestones provided?

o Is the proposed outreach and education plan well-designed and are proposed
manpower and funds adequate to carry out the plan?

e What is the status of international collaboration between LIGO and other gravity
wave centers around the world?

¢ s the plan for public access to LIGO data appropriate?

The final report of the Detector Research and Development Sub-Panel will be provided
as input to the Operations and Scientific Research Sub-Panel which is requested to
determine if there are issues involving allocation of manpower or other resources
between the major activities presented in the proposal. If there are, a teleconference will
be arranged during the meeting of the Operations and Scientific Research Sub-Panel and
members of the Detector Research and Development Sub-Panel to discuss these issues.



LIGO Operations and Scientific Research Sub-Panel
AGENDA

Monday February 26, 2001

8:30 - 9:00 Panel Executive Session
9:00 - 9:15 Introduction of Panel and Reading of Panel Charge
9:15 -10:45 LIGO Presentations
10:45 -11:00 Break
11:00 -12:30 LIGO Presentations
12:30 - 1:30 Lunch /Panel Exec. Session; formulate requests for info. from LIGO/LSC staff
1:30 - 2:30 LIGO Presentations
2:30 - 4:00 Laboratory Tour
4:00 - 6:00 Panel Exec. Session—Formulate questions for LIGO/LSC Staff.
6:30 Dinner
Tuesday February 27, 2001
8:30 - 9:00 Panel Exec. Session.
9:00 -12:30 Response of LIGO/LSC—break-out or full panel presentation.
12:30 - 3:00 Lunch and Panel Exec. Session; discuss R&D Report; formulate questions
3:00 - 5:00 Panel-LIGO/LSC parallel sessions or full panel discussion as needed;
sub-groups begin writing report.
5:00 - 6:00 Panel Exec. Session—Formulate questions for LIGO/LSC staff-continue writing
6:30 Dinner
Wednesday February 28, 2001
8:30 - 9:00 Panel Exec. Session
9:00 -10:15 Break-out sessions or full Panel presentations by LIGO/LSC
10:15 -10:30 Break
10:30 -12:30 Discussion with R&D Panel chair (Roger Falcone)
12:30 - 1:30 Lunch; Exec. Session
1:30 - 6:30 Panel completes report; Draft Exec. Summary; discuss close-out presentation.
6:30 Dinner
Thursday March 1, 2001
9:00 -10:00 Panel Executive Session—final discussion of close-out presentation.
10:00 -11:00 Close-out session with Panel and LIGO/LSC Staff. Adjourn.
Parallel Meetings

1. Budgets, Schedules and Milestones (Kirk, Oddone, Baltay)
2. LIGO Lab Infrastructure, LSC Participation in LIGO Science, Manpower (Wolff, Mountain)
3. LIGO I Science, Outreach, International Collaboration (Teukolsky, Gates, Hogan)






Acronym
ACIGA
ACWP
ADC
AMU
ANU
APl
BAC
BCWP
BCWS
BH
BSC
BSC
CACR
CAD
CB&l
CDS
CSIRO
CS8SR
DAC
DAC
DcAPI
DMRO
EAC
EPICS
ER1
ER2
ETF
FDR

FFT... .

FTE
GASF
GEO
GFLOPS
GRB
GWADW
GWIC
-HAM
HPSS
HVAC
IDE
IFO
InGaAs

Acronyms and Abbreviations

Australian Consortium for Interferometric Gravitational Astronomy

Actual Costof Work Performed
Analog-to-Digital Converter
Atomic Mass Unit

Australian National University
Application Programmer Interface
Budget at Completion

Budgeted Cost of Work Performed
Budgeted Cost of Work Scheduled

" “Black Hole:

Basic Symmetric Chamber

Beam Splitter. Chamber

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

Chicago Bridge & Iron

Control and Data System I T

Commonwealth Scientific and Industrial Research Orgamzatnon (Austraha)

Cost Schedule Status Report

Data Analysis and Computing

Digital-to-Analog Convérter - Lo dur
Data Conditioning Application Programmer Interface
Differential Mode Read-Out R
Estimate at Completion

‘Experimental Physics and Industrial Gontrol System:-
LIGO Engineering Run, April 2000

LIGO Engineeting Run, November 2000

Engineering Test Facility

-+, End Test Mass

Final Design Review

“/Fast (Discrete) Fourier Transform

Full Time Equivalent

.Georetrical AntisSpring Filter - L
British-German Cooperation for Gravnty Wave Expenment
1000 MFLOPS . ' ’
Gamma-Ray Burst

Gravitational Wave Data Analysis Workshop -
Gravitational Wave International Committee
Horizontal Access Modules

High Performance Storage System (IBM)

Heating, Ventilation and Air Conditionirg

integrated Drive Electronics (disk standard)
Interferometer

Induim-Gallium-Arsenide

g



INSA

P
ISC
™
V&V
kpe
LASTI

LDAS *

LHO
LIGO
LLO
LMXB
LSC
LVDT
LVEA
LZH
MB
MC -
MDC

MFLOPS'

MGASF
MIMO
MOPA
MOU
Mpc
MPI
MSU
NBY
NPRO
NS
OSB
OSEM
PEM
PM
PMP
“Ppm .
PSL
QND
R&D
RAID
REO
REU
RF
RMS
RSE
S

French National Institute for Applied Science
Input Optics

Inverted Pendulum

Interferometer Sensing and Control

Input Test Mass

Integration, Verification, and Validation
Kiloparsec

LIGO Advanced System Test Interferometer
LIGO Data Analysis System

LIGO Hanford Observatory

Laser Interferometer Gravitational-Wave Observatory

LIGO Livingston Observatory
Low-Mass X-Ray Binary

LIGO Scientific Collaboration also Length Sensmg and Control System

Linear Variable Differential Transducer
Laser and Vacuum Equipment Area
Laser Zentrum Hannover

Megabytes

Mode Cleaner

Mock Data Challenges

“;Millich Floating Point Operations Per Second

Monolithic Geometrical Anti-Spring Filter
Multiplé'Input, Multipie Output”. -
Master Oscillator-Power Ampilifier

Memorandum of Uriderétanding e

Megaparsec

“Méésage Passing Interface

Moscow State University

. Meutron Star Sifiary Inspiral

Non-Planar Ring Oscillator

- vMéutron Star /7"

Operations Support Building

“Optical Shadow’Sensaf:and Magnetic Actuator

Physics and Environmental Monitor
Project Management. R
Project Management Plan

Parts pérmillion

Prestabilized Laser

Quantum Non-Deitolition

Research and Development

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

Root mean square

Resonant Sideband Extraction

Second

0



s/s
SAS
SEI
SEM
SIOM
808

SURF

TAMA
B
TES -
TNI
"TRW
UHV

VME

WAN
WBS

Samples/second

Seismic Attenuation System

Seismic Isolation

Secondary Emission Monitor

Shanghai Institute of Optical Materials

Small Optics Suspensions ,
Summer Undergraduate Research Foundation
Japanese Interferometric Gravitational-Wave Project
Terabytes

Technical and Engineering Support

Thermal Noise Interferometer

Company Name ’

Ultra high vacuum

Versa Modular- Eurocard (IEEE 1014)

Wide Area Network

Work Breakdown Structure
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Interferometers
terrestrial

Suspended mass Michelson-type interferometers
on earth’s surface detect distant astrophysical sources

International network (LIGO, Virgo, GEO, TAMA)
enable locating sources and decomposing polarization of
gravitational waves.

LIGO-G010036-00-M Z



LIGO Interferometers

end test mass

Power Recycled
Michelson

Interferometer
with Fabry-Perot |
Arm Cavities

A R A

4 km (2 km) Fabry-Perot
arm cavity

recycling

mirror \

input test mass

beam splitter

LIGO-G010036-00-M 3



LIGO |

the noise floor

» |Interferometry is limited
by three fundamental 10

noise sources
» seismic noise at the
lowest frequencies —
> thermal noise at Ii 2
intermediate frequencies 3
» shot noise at high =
frequencies :%

*Many other noise
sources lurk underneath 10

L
: > _\N
RESIDYAL GAS, 107 TORR H, \s

N
and must be controlled as O\ D)
the instrument is "P% FACILIT - |
improved "\ RESIDUAL GAS, 10 TORR H,
25 A e
10, 10 100 1000 10000

Frequency (Hz)



*Two Sites - Three Interferometers
»8ingle Interferometer non-gaussian level
~50/hr | -
»Hanford (Doubles) correlated rate (x1000)
~1/day
»Hanford + Livingston uncorrelated (x5000)
<0.1/yr
Hanford
o Coincidences
between
LLO & LHO

Fl Livingston i@




1996
1997
1998
1999
2000
2001
2002
2003+

2006+

LIGO-G010036-00-M

LIGO Plans
schedule

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 I data run (one year integrated data at h ~ 10-2")

Begin ‘advanced’ LIGO installation



- Fiscal” | Constructia D' | Operations
o Year: s M) '

‘Advanced R&D
Lo

Total

(5M)

1992 - 94

47.09

1995 - 88.95
1996 - 72.38

1997

0.30

0.80

57.72

1998

7.30

1.82

35.98

1999

20.78

2.28

23.26

2000

21.10

2.60

23.70

2001

19.10
(10 Months)
S 2292

(12 Months)

2.70

21.80

25.6

(12 Months)

o SN L N VRSP NN T SN S
T gy . i at D VRPN R
O 0 AR b b
. - d “a T e T T L .

Construction Project

8 |
PAERE

Operations

.. 370.88

LIGO-G010036-00-M




~L GO LIGO Project
N construction and related R&D costs

T/ ——————
250
200 Construction 97% complete
__g / = ==Original Plan - $250M
E

150
// —{}~=Current Plan - $285M
== ==Cooperative Agreement - $292M
-t Performance - $281M

100

—— Actuals Costs - $278M

50
o+r—-rr-r--r———r——-r—-r-r-r-r—
[Te] n [{=] [{-] [ M [-°] =] (2] (1] Q (=] - -
N N (=] =] [-2] (-] (<] ;] (-] N o o Qo o
LIGO Quarter
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Budget History

Construction Project

Operations

| Total”

- Year o b My

1992 - 94 35.90 11.19 - - 47.09

1995 85.00 3.95 - 88.95

1996 70.00 2.38 - 72.38

1997 55.00 1.62 0.30 0.80° 57.72

1998 26.00 0.86 7.30 | - 1.82 35.98

1999 0.20 - 20.78 | - 2.28 23.26

2000 - . 21.10 | '2.60 23.70

2001 - o 190, 2.70 21.80
B (10 Months)

2292 25.6

(‘12 Months)” (12 Months)

37988

LIGO-G010036-00-M
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LIGO Laboratory Organization

Executive Cormrhittee

Group Leaders
MIT/Caltech Faculty
LIGO Senior Scientists

Directorate

Director
B. Barish

Deputy Director
&. Sanders

Program
Advisory
Corrimithee

MIT Livingston Technical
Laboratory Observatory and
Enginearing
Head Head Support
D. Shoemaker ‘M. Coles
D. Coyne
‘Bite Manager

Advanced
Data
Analysis Research
oy and
and Developrnent
Computing i
. G. Sanders
A, Lazzarvini (Acting)

Hanford
Observatory

Head
F. Raab

Site Manager
0. Mathemy

Business
Office
P. Lindquist
Administrative

Support
E. Wood

Carnpus
Research
Facilities

A. Weinstein
M. Zucker

10




FY 2000 Expenses

Data Analysis

& Computing Detector
. 13% Support
Livingston (] :
13%
18%

Caltech — i

559, Technical &
Hanford 0 Ensglneermg
19% upport
10%
MIT Busir-ness Campus
8% Office Research
8% Facility (40M)
Seismic 4%,
Director's “lsolation
1%

(Does not include Advanced R&D) Og)i/ce
0

LIGO-GO010036-00-M 11



100.00
90.00
80.00
70.00
60.00
50.00
40.00
30.00
20.00
10.00

$Millions

LIGO-G010036-00-M

95 96 97 98 99 00 01 02 03 04 05 06
GO Fiscal Year

Ops/Adv R&D

m Equipment for LSC R&D
OAdvanced R&D
Olncrease for Full Operations

M Basic Operations

IConstruc;ion Project

Funding History and Request

12



LIGO
funding request

Currently funded
Operations

Increase for Full
Operations

Advanced R&D

R&D Equipment for
LSC Research

LIGO-G010036-00-M 13



Increase for Full Operations

Budget
Cate%ory Increase FY 2002 FY 2003 FY 2004 FY 2005 FY 2006
Basic Ope;@tions
" CDS Hardware Maintenance 513,800 502,434 517,507 533,032 549,023
LDAS Maintenance 1,378,728 1,378,728 1,322,235 1,303,163 1,303,163
Outreach 249,848 257,343 265,063 273,015 281,206
s Site Operations 558,485 575,240 592,497 610,272 628,580
Telecommunications / Networking 540,500 542,200 542,200 539,500 539,500
Staff for Site LSC Support 254,678 262,318 270,187 278,293 286,642
Basic Operations Totals 3,496,039 3,518,263 3,509,689 3,537,275 3,588,114
Operations Support of Advanced R&D
Seismic Development 506,300 434,574
Engineering Staff 920,868 948,494 976,949 1,006,257 1,036,445
Simulation & Modeling Staff 282,485 293,949 305,614 317,772 330,617
R&D Total 1,709,652 1,677,017 1,282,562 1,324,029 1,367,062
Grand Total 5,205,691 5,195,280 4,792,252 4,861,304 4,955,176

* Need recognized by NSF panel

LIGO-G010036-00-M
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40.00

35.00 $1 Current

| Funding
30.00
25.00

20.00

BHardware to Support LSC R&D

$Millions

15.00
Eincreased Ops R&D Support

Increase for Full Operations
10.00 = P
(OAdvanced R&D
5.00 f " . . EBasic Operations R&D Support

@ Basic Operations

FY 2001 FY 2002 FY 2003 FY 2004 FY 2005 FY 2006

=@ FY 2001 funding normalized to 12 months shown for comparison

LIGO-G010036-00-M 15



Staffing

Category FY 2002 FY 2003 FY 2004 FY 2005 FY 2006
Key Personnel / Facuity 2.6 2.6 2.6 2.6 2.6
Post Doctoral 27.0 27.0 26.0 26.0 26.0
Technical Staff 104.7  105.7 101.7 102.7 102.7
Graduate Students 18.0 17.0 17.5]  17.5 17.5
Undergraduate 4.9 4.9 4.9 4.9 4.9
'Subcontract Labor 17.0 17.0 17.0 16.0/  16.0
Administrative 9.9 9.9/ 9.9 99 99
Grand Total 184.1 184.1 179.6 179.6 179.6

Numbers shown
Are Full Time
Equivalent
Employees
(FTEs) actually
charged

Post Doctoral
15%

Increase for Full
Operations
7%

FY 2002

Key Personnel
and Faculty
1%

Administrative
5%

| Technical Staff

Subcontract
Labor

9%
Undergraduates
3% Graduate
Students
9%

LIGO-G010036-00-M

58%

Basic Ops
56%

Advanced R&D
12%

Basic Ops
R&D Support
17%

Increased Ops
R&D Support
8%

16




LIGO
civil construction

LIGO (Washington) LIGO (Louisiana)

o R TR

LIGO-G010036-00-M 17
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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 NO LEAKS !!
50 km of weld

LIGO-G010036-00-M 19



LIGO Facilities

beam tube enclosure

* minimal enclosure

* reinforced concrete

* NO services

LIGO-G010036-00-M

13'-4"

Figure 2.1-1 - Cross Section of Design Baseline at
Hanford




Beam Tube
bakeout

- 2km

¢— 48Tm 476m ———tr— 516m ——o‘a—- 507m
M6 mid BIm B2m 375 mi

ﬁ"\ Ia [an) A\
TegAde  |weves 1phdc A5Vde , 485
> Vdc 9 J‘:L 108mu

10.9 mi2 10.9 mi2 \DC ”m/

| =2000 amps for ~ 1 month H20PARTIAL PRESSURE DURING BAKEOUT
* no leaks !!
* final vacuum at level where it is

not source of limiting noise
(even future detectors)

LIGO-G010036-00-M




LIGO measurements

* central 80 mm of 41ITMO06
(Hanford 4K)
*rms =0.16 nm

* optic far exceeds specification.

Surface figure = A/ 6000

LIGO-G010036-00-M

Core Optics
fused silica

LIGO requirements
Surface uniformity <1 nm rms
Scatter < 50 ppm
Absorption < 2 ppm
ROC matched < 3%

Internal mode Q’s > 2 x 10°

ey

T L o |
it - kL w o Ly it "oy

Date: 107772000 X Center. 283.00

Thvie: 03:26:37 Y Cenler: 244,00

Wavelengi 1.064 um  Radius: 150.00 pix

Pupil: 100.0 % Terms: Tili Power Astlg

PV: 12818 mn Fillers: None

RMS: 8.9620 nm Masks: Analysis 4.0 Sigma Masks 22

Rad of curv: 14.053km  Ref Sud; Ayerages”



Core Optics

installation and alignment

LIGO-G010036-00-M 23



Commissioning

= Mode cleaner and Pre-Stabilized Laser
= 2km one-arm cavity

= short Michelson interferometer studies

* Lock entire 2km Michelson Fabry-Perot

interferometer with Power Recycling (Hanford)
» First lock — Oct 00
» Robust locking — Jan 01

* Lock one 4km arm (Livingston)

» First single long arm - Jan 01

LIGO-G010036-00-M 24



LIGO
laser

= Nd:YAG
« 1.064pm

=  Qutput power > 8W in 4
TEMO00 mode !

oscifiator

gt
iy, ol
g,

25



Laser

stabilization
* Deliver pre-stabilized laser light « Provide actuator inputs for
to the 15-m mode cleaner further stabilization
* Frequency fluctuations
* Wideband

In-band power fluctuations

- Power fluctuations at 25 MHz « Tidal

! Tidal Wideband

| 10-Watt
Laser .

10-! Hz/Hz'? 104 Hz/ Hz!"? 10-7 Hz/ Hz!'?

26
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10 ———

s
[

Frequency Noise (Hz/itHz)

10

i

Pre-stabilized Laser

sk,
oﬁ

- PSL req.
— Jan. 2000
— June 2000

LIGO-G010036-00-M

10°
Frequency (Hz)

> 18,000 hours
continuous operation

Frequency and lock very
robust

TEM, , power > 8 watts

Non-TEM , power < 10%

27



f LIGO
first lock

L . . Composite Video

i
& i : i g'ﬂ;;a,

izg d : ii?;%%ml "
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Strain Sensitivity

Nov 2000

2-km Hanford Interferometer

Gl

10 F T T T l! PI T L
TR ==
S nn H E

- fase o] . .,,,,.§. -—i‘—l §;WW Eiv*‘——'w Rt ol ««-i*—_—:
10 % T 4; il =
3 : \W REREE ! E
N AN i E
.8 10“ x *_Lm .Y m§ S_if . i‘* S— i._f
g £ e N n E
g ot E Bha 1 o

- i il

10 b b ml*-‘é
= i W.gRE
RN " E

0™ % L z RERR %

ki 103
Frequency (Hz)
T0=11/11/2000 07:23:32 Avg=190 BW=0.187493

LIGO-G010036-00-M

- operating as a Michelson with
Fabry-Perot arms

* reduced input laser power on
the beam splitter (about 3 mW)

* without recycling

« noise level is a factor of 104-10°
above the final specification

« sources of excess noise are
under investigation

29



Significant Events

Hanford > Single arm test complete 6/00

2km > installation complete 8/00

interferometer > interferometer locked 10/00

> robust locking 1/01

Livingston » Input Optics completed 7/00

4km » interferometer installed 10/00

interferometer » short Michelson locked 1/01

> interferometer locked 3/01

Coincidence Engineering Run > Initiate (Upper Limit Run) 9/01
Hanford 2km& Livingston 4km » Complete Engineering Runs 7/02
Hanford » All in-vacuum seismic installed 1/00

4km > interferometer installed 6/01

interferometer » interferometer locked 8/01

LIGO | Science Run > Initiate 7/02

(3 interferometers) > Complete(obtain1yr@ h ~ 10%")| 1/05

LIGO-G010036-00-M

e
N

30



LIGO |
steps prior to science run

= commissioning interferometer
» robust locking
» three interferometers
» sensitivity
» duty cycle

» interleave engineering runs (LSC)
» implement and test acquisition and analysis tools
» characterization and diagnostics studies
» reduced data sets
» merging data streams
» upper limits

LIGO-G010036-00-M 31



LIGO Scientific Collaboration
LSC

* The LIGO Laboratory

» MIT, Caltech, LHO and LLO groups operating as one integrated
organization.

» maintains the fiduciary responsibility for LIGO and is
responsible for operations and improvements.

= The LIGO Scientific Collaboration

» The underlying principle in the organization is to present
“equal scientific opportunity” to all collaborators.

— LSC has developed its own governance, elects its own leadership,
and sets its own agenda.

— The LSC has an elected spokesman, has an executive committee,
collaboration council and several working groups in different
research areas and generally operates independently of the LIGO
Laboratory management..

— The scientific research of the LIGO Laboratory staff is carried out
through the LSC.



JGO LIGO Scientific Collaboration
LSC

» LIGO is available to all interested researchers through
participation in the LSC, an open organization.

» a research group defines a research program with the LIGO
Laboratory through the creation of a Memorandum of
Understanding (MOU) and relevant attachments

» When the group is accepted into the LSC it becomes a full
scientific partner in LIGO

LIGO-G010036-00-M 33
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LSC Membership

35 institutions

> 350 collaborators

University of Adelaide ACIGA

Australian National University ACIGA
California State Dominquez Hills
Caltech LIGO

Caltech Experimental Gravitation CEGG
Caltech Theory CART

University of Cardiff GEO

Carleton College

Cornell University

University of Florida @ Gainesville
Glasgow University GEO

University of Hannover GEO
Harvard-Smithsonian

India-IlUCAA

IAP Nizhny Novgorod

lowa State University

Joint Institute of Laboratory Astrophysics

LIGO Livingston LIGOLA

LIGO Hanford LIGOWA

Louisiana State University

Louisiana Tech University

MIT LIGO

Max Planck (Garching) GEO

Max Planck (Potsdam) GEO
University of Michigan

Moscow State University

NAOJ - TAMA

University of Oregon

Pennsylvania State University Exp
Pennsylvania State University Theory
Southern University

Stanford University

University of Texas@Brownsville
University of Western Australia ACIGA
University of Wisconsin@Milwaukee

O LIGO Scientific Collaboration
Member Institutions

International
India, Russia,
Germany,
U.K, Japan
and
Australia.

The international
partners are
involved in all
aspects of the
LIGO research
program.

LIGO-G010036-00-M

GWwWIC

Gravitatational
Wave
International
Committee




Science in LIGO |
LSC data analysis

»= Compact binary inspiral: “chirps”

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

= Supernovae /| GRBs: “bursts”

» burst search algorithms — excess power; time-freq patterns
» burst signals - coincidence with signals in E&M radiation
» prompt alarm (~ 1 hr) with v detectors [SNEWS]

= Pulsars in our galaxy: “periodic”
» search for observed neutron stars (freq., doppler shift)
» all sky search (computing challenge)
» r-modes

= Cosmological Signals “stochastic background”



LSC
Upper Limit
Group

LIGO-G010036-00-M

Inspiral Sources

Inspiral Sources

Bruce Allen
Sukanta Bose
Douglas Boyd
Patrick Brady
Duncan Brown
Jordan Camp
Nelson Christensen
Jolien Creighton
S.V. Dhuraunder
Gabriela Gonzalcez
Andri Gretarsson
Gregg Harry

Syd Meshkov

Tom Prince

David Reitze

B.S. Sathyaprakash

Peter Shawhan

Co-chair P Brady, G Gonzalez

ballen@ gravity.phys.uwm.edu
bosew aci-potsdam.mpg.de
Douglus.Bovd@ astro.cfiac.uk
patrickfw gravity.phys.uwm.edu
duncan{@gravity.phys.uwm.edu
camp_j@ligo.caltech.edu
nchriste@carleton.edu
jolien@gravity.phys.uwm.edu
sdh@iucaa.ernct.in

gigli psu.edu
andri@suhep.phy.syr.eda
gharry@ phy.syr.edu®
meshkov_s@ligo.caltech.edu
prince@srl.caltech.edu

reitze@ phys.ufl.edu
B.Sathyaprakash@astro.cfiac.uk

shawhan_p@ligo.caltech.edun
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Data & Computing Group
engineering & science runs

Simulation & Modeling:
— detector support
— data analysis

Data Management
— movement of large volumes of data

— archive

Data Analysis
— pipeline analyses running
— participation in analysis teams

Software

— maintenance/improvements/enhancements
LSC support
LIGO Lab IT support



it ¥ 0 LIGO | Science Run
Data Analysis Model

= Astrophysical searches : follow plan in the LSC Data
Analysis White Paper — http://www.ligo.caltech.edu/LIGO_web/isc/Isc.htmi
» organized around teams as in near-term upper limit studies
» open to all LSC members contributing to LIGO |

= LDAS resources to be shared among the teams
= LSC institutional resources used by individuals

= Longer term

» distributed computing LIGO/LSC Tier 2 centers — GriPhyN
» LSC open to researchers wanting access to LIGO data

LIGO-G010036-00-M 38



LIGO |
science run

= Strategy

» initiate science run when good coincidence data can be
reliably taken and straightforward sensitivity
improvements have been implemented (~ 7/02)

» interleave periods of science running with periods of
sensitivity improvements

= Goals
» obtain 1 year of integrated data at h ~ 10-*’

— searches in coincidence with astronomical observations
(eg. supernovae, gamma ray bursts)

— searches for known sources (eg. neutron stars)

— stand alone searches for compact binary coalescence,
periodic sources, burst sources, stochastic background
and unknown sources at h ~ 10°?" sensitivities

» Exploit science at h ~ 10°?' before initiating ‘advanced’ LIGO
upgrades



—44GO LIGO Science
| physics schedule
= LIGO | (~2002-2006)

» LIGO I Collaboration of LSC

» obtain data for one year of live time at h ~ 10?2 (by 2005)
» one extra year for special running or coincidences with Virgo

= Advanced LIGO (implement ~2006+)

» broad LSC participation in R&D, design and implementation
» design sensitivity h ~ 10-?2 (or better)

» 2.5 hr will exceed all LIGO | (rate increase < sensitivity cubed)

= ‘Facility Limited’ Detectors ( > 2010 + )

» new optical configurations, new vacuum chambers, cryogenic,
QND, etc

» sensitivity h ~ 1023



0 LIGO
" Outreach and Education

REU, teacher training, student researchers,
minority programs, public lectures and
educational materials







LIGO SCIENCE

Kip S. Thorne
CaRT, California Institute of Technology

NSF LIGO Operations Panel
Hanford - 26 February 2001
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® Neutron Star &
Black Hole
Binaries
» inspiral
» merger

® Spinning NS’s
» LMXBs

» known pulsars
» previously unknown

e NS Birth (SN, AIC)
» tumbling
» convection

® Stochastic
background
» big bang
» early universe

10022 |
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Neutron Star / Neutron Star Inspiral
(our most reliably understood source)

e 1.4 Msun/ 1.4 Msun
NS/NS Binaries

® Event rates

» V. Kalogera, R. Narayan, _
D. Spergel, J.H. Taylor | 10 23
astro-ph/0012038

@ Initial IFOs

» Range: 20 Mpc
» 1/3000yrs to 1/3yrs 10-24.

e Advanced IFOs - - A . . , i 9
» Range: 300Mpc 10 20 50 100 200 500 1000

» 1/yr to 2/day frequency, Hz




Science From Observed Inspirals:
NS/NS, NS/BH, BH/BH

h | ;;1;;‘: h 1 H 1 [l
o . + LRI AR AR AR ARREAEARE X iihxi“i“imii1“iif,,ii;’%lu.r;....,f’f:i{5
;,H’”H”H“H]”w!“my~-gmi:‘ time ;HIMIHHH"H’HH% H[%"' i il ﬂme

® 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)

~ Mpirp = 138 M2 to ~10'3
® Search for EM counterpart, e.g. y-burst. If found:
» Learn the nature of the trigger for that »burst

» deduce relative speed of light ar~ gw’s to ~ 1 sec / 3x10° yrs ~ 100 17 6




®
N

rAERN
1.4Msun / 10 Msun
NS/BH Binaries

7

® Event rates

» Population Synthesis
[Kalogera’'s summaryl]

@ Initial IFOs

» Range: 43 Mpc
» S1/2500yrs to 1/2yrs

e Advanced IFOs
» Range: 650 Mpc
» <1/yr to 4/ day

Neutron Star / Black Hole Inspiral
and NS Tidal Disruption

NS

disrupt,

7
NS Radius to 15%
-Nuclear Physics-
NEED: Reshaped Noise,

umerical Simulations

-24

10

50 100 200 500 1000

frequency, Hz

10 20



Black Hole / Black Hole Inspiral
and Merger

® 10Msun /10 Msun
BH/BH Binaries

® Event rates

» Based on population
synthesis [Kalogera’s
summary of literature]

Initial IFOs

» Range: 100 Mpc
» <1/300yrs to ~1/yr

® Advanced IFOs -

» Range: z=0.4
» <2/ month to ~10/ day

Strain h(f) , HZ_I/Z
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" o BH/BH Mergers: Exploring the

1 &

Inspiral Merger

x};?//

A

Ringdown

UVV

«<———known——s{supercomputer,

~1000 cycles | Simulations
~1 min ! :

Dynamics of Spacetime Warpage

/

N

Numerical
Relativity

Simulations

Are Badly
Needed!

\

%




Massive BH/BH Mergers
with Fast Spins - Advanced IFOs

—h
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e NS Ellipticity:

» Crust strength [
€< 10°: possibly 05

® Known Pulsars:
» First Interferometers:

€ >3x10"6 (1000HZ/f)
x (distance/10kpc)

» Narrowband Advanced

€ > 2x108 (1000HZ)?
X (distance/10kpc)

® Unknown NS’s - All

sky search:

» Sensitivity ~5 to 15
worse

10

10

Crab Spindo
. Upper Limit
-22|
231 NN\ et
24| 7
| | © :0 | co,/ W | ‘0// .0 |
10 20 50 100 200 500 1000

frequency, Hz

11



® Rotation rates ~250 to 700
revolutions / sec
» Why not faster?

» Bildsten: Spin-up tarque
balanced by GW emission
torque

10

@ If so, and steady state: Xira

luminosity = GW strengtl

e Combined GW & E 10

obs’s = information about:

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

22|

y

-23|

10724

Spinning Neutron Stars:
Low-Mass X-Ray Binaries

p—————————

o
Eignal strengths foxj % |
0 0

days of integrati

100 200 500 1000
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NS Birth:
Tumbling Bar; Convection

@ Bornin:
» Supernovae
» Accretion-Induced Collapse of White Dwarf

o 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 supernovael/yr)

If slow spin:
» Convection in first ~1 sec.
» Advanced IFOs: Detectable only in our Galaxy
(~1/30yrs)
» GW / neutrino correlations!




Neutron-Star Births:
R-Mode Sloshing in First ~1yr of Life

NS formed in supernova or accretion- \-\ .
induced collapse of a white dwarf.
» If NS born with P

spin < 10 msec:

R-Mode instability:
» Gravitational radiation reaction drives

SeeS | ,

® Physics complexities: : N
What stops the growth of Depending on this,
stop g _ Initial IFOs detect to 1 Mpe
sloshing & at what amplitude? (Local Group, ~1 SN/15yr)

» Crust formation in presence of sloshing? Advanced IFOs detect to
20 Mpe (Virgo, ~5 SN/yr)

» Coupling of R-modes to other modes?

» Wave breaking & shock formation? GW?’s carry information
» Magnetic-field torques? about these

» ... 14




