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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/200l/nsf0l2/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:

III. 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
rulmes 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 Offrcer's discretion. Program
Offrcers 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
intemal 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 staffwill 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 leaming
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 progrzrms, 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.

o 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?

o 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?

o 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:
o Is the proposed budget for LIGO Laboratory operations and the scientific research

program justified and adequate to carry out the activities listed above?
o Is the proposed LIGO Laboratory infrastructure, including manpower and facilities,

adequate for effective participation in the science by the LSC members?
o 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?

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

o Is 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 2612001

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
ll:00 -12:30 LIGO Presentations
12:30 - 1:30 Lunch lPanel Exec. Session; formulate requests for info. from LIGO/LSC staff
l: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 - l: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)





Acronyrns and Abbreviations

fri:r- Australian consortium for Interferometric Gravitationat Astronomy
ASWF AffiJal Ooqt,#tifor* Perfsrmed
ADC Analogto-DigitalConverter
AMU Atamic Maae Untt
ANU Australian NationalUniversity
APf Application Prograrnmer lnterface ' I

BAC Budget at Completion

FCWF Budgeted Castof Work Perfonned
BCWS Budgeted Cost of Work Scheduled

SH
BSC Basic Symmetric Chamber
&*C , g4,am$plittsr,Shfirnbsr

CACR Center for Advanced Computer Research (Caltech)

CAD Cornpubr-Aeeietsd Deslgn
CB&l Chicago Bridge & lron

CDS Controland'Data'Sptem "':, t" :". '2,

CSIRO Commonwealth Scientific and lndustrial Research Organization (Australia)
q*** e*lschsdul*.$tatusReport ' '': , i
DAC Data Analysis and Computing

DAC Digitalto-Analog Converter
DcAPI DataConditioningApplicationProgrammerlnterface
DMft* Sifferential Mode Read-Out 1 ,: 

".
EAC Estimate at Completion
E"l&t/ ' ,W&tmenthlwi@Wan*lndu*tri*l,Cirntrol$y$tem' ' : 

"ER1 LIGO Engineering Run, April2000
WWr f*&A Ert$in@f**g Run, hlovernher20s$ ' :/:lrli'/,'. ',"' /

ETF Engineering Test Facility
EfM End Test Mass :

FDR FinalDesign Review
:Ftr{:,i,.. "t/,Fw*ffiwrctu)'F,6urierTransform ',, "i': 

't ',:: ;, ,;

FTE FullTime Equivalent

GASF GeomehimlAntil$pring Filtar ' ) "
GEO British-GermanCooperationforGravityWaveExperiment
GFLOPS 1M MFLOPS

GRB Gamma-Ray Burst

SWA&W G.ravitatianalWave'DataAnalysisWskshcp ;', ) "'.,

GWIC GravitationalWave InternationalCommittee
HAf\t HorizontalAccess Modules

HPSS High Performance Storage System (lBM)

HVAC Heating, V*ntilation snd Ak ConditiEnirtg
IDE Integrated Drive Electronics (disk standard)

IFO lrrterferurneter
lnGaAs Induim-Gallium-Arsenide



INSA Frencft hlatiansl Institute for Applied Sciene
lO Input Optics

lP Inverted Pendulum
ISC Interferometer Sensing and Control
ITM Input Test Mass
lV&V lntegration, Verification, and Validation
kpc Kiloparsec
LASTI LIGO Advanced System Test Interferometer

LPAS ' LIGO Data Analynis.$ystem
LHO LIGO Hanford Observatory
ttG0 . [asorlnterferometsr$ravitational-WaveObservatory
LLO LIGO Livingston Observatory
lMXg Lcw-Mass..X*Ray Binary
LSC LIGO Scientific Collaboration also Length Sensing and Control System

Linear Vartgble Differential Tmnsduser
LVEA Laser and Vacuum Equipment Area
LZH La*erI*rrtrurn Hannover
MB Megabytes

MC Msde0lssner . .' '''
MDC Mock Data Challenges
ITIFLQP$; ' ,,M\XW\ Ftoatlng Pdr*i.Operatidne per Sh*s{rd .'''1," ', ,, ,, '. '', .,,
MGASF MonolithicGeometricalAnti-SpringFilter
MIMO MultiplprlnwltMultfpl6..Ovtffi,?, '.:,"' , ,I
MOPA Master Oscillator-Power Amplifier
M*U , Mnfr{ixandum of Unf-erffindinli . .'/,./t;

Mpc Megaparsec

ftfffi ''':,' 'M#$ria*e FmEfig'lpMa*e ,.;..i11,,,1r ''',...;..: '^. i ,i,, 
.

MSU Moscow State University
hl6f, ,. ,Y4#,istr*n*tw'&t{*ry|n*piral. .:;'...

NPRO Non-Planar Ring Oscillator
f*S ;l$#,utrsn&tar'tli.:li| . '.,:l/ .. .

OSB Operations Support Building
O$EM. fibful$h*doru&gnW::4.ndWagnriticActrrstgp,"' .,,, 1,,,

PEM Physics and Environmental Monitor
Pfe" ' Fro{ect Msnagsrnant, :'),?l ,"

PMP Project Management Plan

Ppm Parts p€r rnillion
PSL Prestabilized Laser

QN* . Quantum Non-Ferfrolition
R&D Research and Development
RAfn Ke,ilundant *vrayotlrreXgfrn$iveFiske'.,.
REO Research Electro-Optics (Company Name)
REU Researcfi Experience for Undergraduates
RF Radio Frequency

RMS Root mean square
RSE Resonant Sideband Extraction
s Second



s/s Samples/second

SAS SeismicAtte*uatis* $yrtem '

SEI Seismic lsolation

SE[t $econdary Emisslon Monitsr
SIOM Shanghai Institute of Optical Materials

$O$ $mattOptic* $uspen*lofr*
SURF Summer Undergraduate Research Foundation

TSfifrA Japanese Intefferome*ic Sravitational-Wave Project ". '/'' '

TB Terabytes

fH$; ' Tdrnlcalarrd Fngineering $upport
TNI ThermalNoise Interferometer
TFil,V Conrpany Name

UHV Ultra high vacuum
VMW.,,' Vsr*a Modular fu/ocmd (IEEE 1014)
WAN Wide Area Network
.WBS Wffi.Br8akd$ffi Structu rE ,'' :,, '
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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.

,4.6q
6$\ro9tort

p-s-\ g.-o*13,-." d b*d b.*- 1. { '*- 
*ao_*o'

lt*o_!

6 tlrariurioorl ltl*lcr t'F3
z

re> /
tt

*- tt

{
I

lc
I
\

nrttl
,-ol-r

+> /r*l- 
-\

-riH
<- t. .V ,l\-9''

2LIGO-G010036-00-M



LIGO Interferometers

Power Recycled
Michelson
Interferometer
with Fabry-Perot
Arm Cavities

I.recycltn
mirror

end test mass

4 krn (2 krn) fabry-Perot
arm caviQ

ob

\

input test mass

signal beam splitter

3LIGO-G010036-00-M



LIGO I

the noise floor

r lnterferometry is limited
by three fundamental
noise sources

lowest frequencies

i ntermediate freq uencies

frequencies

'Many other noise
sources lurk underneath
and must be controlled as
the instrument is
improved
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rTwo Sites - Three Interferometers

"Single Interferometer non-gaussian level
-50/h r

,,Hanford (Doubles) correlated rate (x1000)
-1 I day

,,Hanford + Livingston uncorrelated (x5000)
<0.1/yr

Coincidences
between

LLO & LHO



LIGO Plans
schedule

1 996

1997

I 998

1 999

2000

2001

2AA2

2003*

2006*

Construction Underway (mosfly civit)

Facility Construction (vacuum system)

Interferometer Construction (complete facilities)
Construction Complete (interferometers in vacuum)
Detector Installation (commissioning subsystems)
Gommission Interferometers (first coincidences)
Sensitivity studies (initiate LIGO I Science Run)

LIGO I data run (one year integrated data at h - 1t21',

Begin'advanced' LIGO installation

LrGO-G010036-00-M



Budget History

:":r m,s"$ti'

r;'':':.1$[d]', .

Tatal

t$nx3

1992 - 94 35.90 11.19 47.49

1 995 85.00 3.95 88.95

1 996 70.00 2.38 72.38

1997 55.00 1.62 0.30 0.80 57.72

1 998 26.00 0.86 7.30 1.82 35.98

1 999 0.24 20.78 2.28 23.26

2000 21.10 2.60 23.74

2001 19. 10

{10 Months}

22.92
.'.'
{12 filsnifts]

2.70 21.84

25.6

(12 Months)

sr9.$8

Construction Project Operations
ILtGo-G010036-00-M



LIGO Project
construction and related R&D cosfs

Construction 97% complete

- -Original Plan - $250M

-{-Current Plan - $285M

- -Cooperative Agreement - $292M

-{*Performance - $281M

*-Actuals Costs - $278M
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Budget History

'.Constru$g4:-

,,;i.rt r:{$t$} ;ii**
;;':ffi,.t'j
f"fr',ffiffiitti'*

AdvZrnced R&D
' 

't$"n'ti

T'ctal'

ii.,;, {$M}

1992 - 94 35.90 1 1.19 47.09

1 995 85.00 3.95 88.95

1 996 70.00 2.38 72.38

1997 55.00 1.62 0.30 0.&0 57.72

1 998 26.00 0.86 7 .30 1.$* 35.98

1 999 0.20 20.78 2".2* 23.26

2000 21.10 2.S0 23.74

2001 2.70 21.80

25.6

(12 Months)

Gonstruction Project Operations
LtGO-G010036-00-M



LIGO Labo ratory Orga ntzation
tXr€c"tottslE

Direstor
F. Eali;h

SeFuty Dlrector
G. Sarider,r

E*ecuUue #ornmittee

droup l.eaders.
Mrf/Cetbch Faculty.

LIGO $Enisr Sqientists

MIT
Laborgtory

t{Ead

Uuingston
Sbser,*abry

Head
l'l.0ohts

'S'ite- f4eneq€r
€. tteF&r.

TEchnicaf
+nd

Engineering
SupFort

D. toyna
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.and'

Computng

fi, larcarini

Aduanced
Research

and
Qevelopment

G. Sandars
{Actine)

Herf,ord
#bser.vaSry

Head
F. Reab

$lte fi',lanager
O, l'lafirerhy

Busin€is
offi'e

F. tindiuirt

Administratiue
SuFFort
E. tfiood

Detector
support

$. Whittomb

Carnpus
Research
Facilities

A. Weinslein
l"l. Iucker

{0 FleEr
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FY 2000 Ex
Data Analysis
& Computing

13%

Caltech
55%

Business
Office

8%

Director's
Office

6%

Detector
Support

13o/oLivingston
18%

Hanford
19%

Technical &
Engineering

Support
10%

(Does not include Advanced R&D)

Seismic
lsolation

1o/o

Campus
Research

Facility (40M)
4%

enses

LtGO-G010036-00-M 11



Funding History and Request

100.00

90.00

80.00

70.00

60.00

50.00

40,00

30.00

20.00

10.00

Time Naw

os0

E
ct)

97 00 01 02 03 06

FiscalYear

lEquipment for LSC R&D

nAdvanced R&D

tr Increase for Full Operations

IBasic Operations

EConstruclion Project

Began
Ops/Adv R&I)



LIGO
funding requesf

", ,,-' r ;,-"'ia;

',*s.{}
.{$M,},
, ^ ! :;i.i.1i,

FY

2042

($H't1

FY

2003

($rirl

FY

2AA4

($ttll

FY

200s

($ttttl

FY

2006

($wtI

Currently funded
Operations

. .'./ e:

22:-*2
"'"'1"-.:'"
.t, ,- i. :' "

23.63 24.32 25.05 25.87 26.65

Increase for Full
Operations

' - br'}""'"''
... ,. i _.^. .,'.

"i ::li}{
>,r: ]d.i "j:

5.21 5.20 4,7 9 4.86 4,95

Advanced R&D l,rh,:Tli.

,ni.t;:,ai

2.77 2.86 2.95 3.04 3.1 3

R&D Equipment for
LSC Research

3.30 3.84 3.14

13LtGO-G010036-00-M



::;j;.

Increase for Full Operations

Basic Opeptions

. CDS Hardware Maintenance
:1:

LDAS Maintenance

Outreach

* Site Operations

Telecommunications / Networking

Staff for Site LSC Support

513,800

1,378,728

249,848

558,485

540,500

254,67 8

542,434

1 ,37 8,728

257,343

57 5,240

542,204

262,318

517,507

1,322,235

2 65,06 3

592,497

542,200

27 0,187

533,032

1 ,303,1 63

27 3,015

610 ,27 2

539,s00

27 8,293

549,023

1,303,163

281,206

628,580

539,500

286,642

Basic Operations Totals 3,496,039 3,519,263 3,509,699 3,537 ,275 3,599,114
Operations Support of Advanced R&D

Seismic Development 506,300 434,574

,p Engineering Staff 920,868 948,494 976,949 1,006,257 1,036,445

Simulation & Modeling Staff 282,485 293,949 305,61 4 317,772 330,617
R&D Total 1,709,652 1,677,017 1,292,562 1,324,029 1,367,062

Grand Total 5,205,691 5,195,290 4,792,252 4,961,304 4,955,176

* Need recognized by NSF panel

14LrGO-G01 0036-00-M



oc
.9
-

=
q

40.00

35.00

30.00

25.00

20.00

15.00

10.00

5.00

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

Current
Funding

!Hardware to Support LSG R&D

!lncreased Ops R&D Support

Ilncrease for Full Operations

IAdvanced R&D

lBasic Operations R&D Support

S Basic Operations

FY 2001 funding normalized to 12 months shown for comparison
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Staff ing

Post Doctoral
K€y Personnel 1 5%

and Faculty
1 olo

Adm inistrative
5o/"

Subcontract
Labor

I o/o

Undergraduates
30h

FY 2002
Increaae for Full

Operations
70h

N u mbers shown
Are Full 'l'irne

Eq uivalent
Omployces
( FTIIs) actualll'
cha rged

Basic Ops
R&D Support

17 Yo

lncreased Ops
R&D Supporl

8%

Technical Staff
580h

Key Personnel / Faculty
Post Doctoral
Technical Staff
Graduate Students

102jl**
"*.*"-****-"-. ".

17.5i
Undergraduate
Subcontract Labor
Admin istrative

Grand Total

LIGO-G01 0036-00-M 16



LIGO
civil cons truction

LIGO (Washington)

: .',., * . r 1"'? ;:':qi"1'f!"*ifi,fff1i:.,f,} r:':

LIGO (Louisiana)

LtGO-G010036-00-M
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LIGO
vacuum chamhers



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
50 km of weld

NO LEAKS !!

LtGO-G010036-00-M 19



:try
LIGO Facilities

beam tube enclosu re

r minimal enclosure

. reinforced concrete

. no services

13',4"

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

LrGO-G010036-00-M
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LIGO measurements
central 80 mm of 4lTM06

(Hanford 4K)
rms = $.16 nm

optic far exceeds specification.

Surface figure = Ll 6000

Gore 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 106
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Core Optics
installation and alignment

LtGO-G010036-00-M 23



Gommissioning
configurations

Mode cleaner and Pre-Stabilized Laser

2km one-arm cavity
short Michelson interferometer studies

Lock entire 2km M ichelson Fab ry-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

LtGO-G010036-00-M 24



LIGO
las er

N d: YAG

1.064 p m

O utp ut powe r
TEM00 mode
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Laser
sfa bilization

Deliver pre-stabilized laser light
to the 15-m mode cleaner
r frequency fluctuations
. ln-band power fluctuations
. Power fluctuations at 25 MHz

Provide actuator inputs for
further stabilization
o \l\fideband
o fidal

l0-4 Hzl ylruz l0-7 Hzl 11rU]

a

! tiaat
a
a
I
!

Wideband
f aaatat!!ataaaaataaaataaaa
t

I0-t Hzlllrttz
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Pre-stabilized Laser
performan"

#.|i .-0
< ataN'"
:f,
o(t,6
z
>r
(.1
Eo --.r-t .ln
F'-
E
l!

continuous operation

Frequency and lock very
robust

TEMoo power > 8 watts

Non-TEMoo power < 1A%

lou
Frequency (l'lz}
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LIGO
first lock

Y Arm

signal

Composite Video

X Arm

LIGO-G010036-00-M 28



Strain Sensitivity
Nov 2000

q*ta
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T0al'lfl {tr000 07:2$:31

2-km Hanford Interferometer

ro"
Frequency (Hr|

Avgn'lt0

. operating as a Michelson with
Fabry-Perot arms

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

. without recycling

. rloise level is a factor of 104'105

above the final specification

. sources of exces$ noise are
under investigation

3trSc0.187493
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Si nificant Events

+-
+-

Hanford
2km

interferometer

6/00
8/00
10/00
1101

Livingston
4km

interfe rometer

7100
10/00
1t01
3t01

Coincidence Engineering Run
Hanford 2km& Livingston 4km

9/01
7 t02

Hanford
4km

interferometer

1/00
6/01
8/01

LIGO I Science Run
(3 interferometers)

7 t02
1t05
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LIGO I

sfeps prior to sc ience run_

com m ission i n g i nterferometer
robust locking
three interferometers
sensitivity
d uty cycle

interleave engineering runs (LSC)
> implement and test acquisition and analysis tools

characte rtzation and diagnostics studies
reduced data sets
merging data streams
upper limits

>

)

>

D

LtGO-G010036-00-M 31



Lf GO Scientific Gollaboration
rsc

The LIGO Laboratory
> MlT, G?ltech, LHO and LLO groups operating as one integrated

o rga n izatio n.

> 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 LSG.



LIGO Scientific Gollaboration
rsc

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

LtGO-G010036-00-M
33



LIGO Scientific Collabo ration
Member lnstitutions

LSC Membership
35 institutions > 350 collaborators

Intprn.?tioJraI
lndia, Russia,

GermEtry,
U.K, Japan

and
Australia.

The international
partner$ are

involved in all
aspects of the
LIGO research

program.

GWtc
G ravitatational

Wave
International
Committee

University of Adelaide ACIGA

Australian National University ACIGA
California State Dominquez Hills
Caltech LlcO
Caltech Experimental Gravitation CEGG

Galtech Theory CART

University of Gardiff GEO

Garleton College
Cornell University
University of Florida @ Gainesville
Glasgow University GEO

University of Hannover GEO

Harvard-Sm ithsonian
India-IUGAA

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) cEO
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 AGIGA
University of Wisconsin@Milwaukee

LtGO-G010036-00-M



Science in LIGO I

Compact binary insPiral: "chirPs"
)) NS-NS waveforms are well described
> BH-BH need better waveforms
> search technique: matched templates

Supernovae IGRBs: "bursts"
) burst search algorithms - excess power; time-freq patterns

D burst signals - coincidence with signals in E&M radiation

> prompt alarm (- t hr) with v detectors [SNEWSI

Pulsars in our galaxy: ooperiodic"

D search for observed neutron stars (freq., doppler shift)
) all sky search (computing challenge)
)) r- lnodes

Cosmological Signals " stoch asfic backg rou n d "



Inspiral Sources

LSC
Upper Limit

Group

lnspiral Sources Co-ch air P Ilradv, {) Gonzalcz

Ilrucc Allen

Sukanta Bose

Douglas llor d

Patrick 8rad1

fluncan lSrolrrr

Jordan Camp

Nclson (llrristcnsen

,lolicn ()reighton

S.\'. Dhuralder

Gabriela Conzalcz

Andri (i ret*rsson

Glegg llalrr

Syd Meshkov

Tom Prince

Ilavid Reitze

Il.S. Suthvaprakash

Peter Sharvhan
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Do u gla s. Ii o1'd {ir,ast ro.cl'.ae. u L

patrickrr gravify.1rhls.u * nr.ed u

tlu n c a n(ri-, g l'av it;,.p h v s. u lv nr, ed u

c amp_j f@ ligo. c al tec h.ed u

n c h riste(c,c a rle to n.ed u

jolienlir'grav itr .;rh;,s.u w nr, cdu

sdh(a,iucaa.ernct.in

gi g I {a psu.rd u

ancl ririis u hc p.phy.syr.etlt

gharr1 (n plry.sl,r.e du*

mesh kov*s fd I igo.c a ltec h. ed u

p rince@,srl.caltech.edu

r titze Q ;r hy's 
" ufl.ed u

Il.Sathl a pra ka s h (i ast ro.rf.ac.u k

sh a wha n_p (i, ligo.ca ltech.edu
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Data & Computing Group
enginee ring & sc ience runs

) Simulation & Modeling:

- detector support

- data analysis

D Data Management

- movement of large volumes of data

- arch ive

) Data Analysis
- pipeline analyses running

- participation in analysis teams

) S oftwa re

- mai ntenan ce/i m provements/en hancements

) LSC support
>> LIGO Lab lT support



LIGO I Science Run
Data Analysis Model

Astrophysical $earches: follow plan in the LSC Data
AnalySiS Wh ite Papef http:llwww.tigo.cattech"edu/Lt&o*webltscltse .&:rml

>> organized around teams as in near-term upper limit studies
> open to all LSC members contributing to LIGO I

LDAS resources to be shared among the teams
L$C institutional re$ources used by individuals
Longer term
D distributed computing LIGO/LSC Tier 2 centers - GriPhyN
) LSC open to researchers wanting access to LIGO data

LtGO-G010036-00-M 3B



LIGO I

scrence run
Strate gy
D initiate science run when good coincidence data can be

reliably taken and straightforward sensitivity
improvements have been implemented (- 71021

D interleave periods of science running with periods of
sensitivity i m provements

Goals
) obtain 1 year of integrated data at h - 10'21

searches in coincidence with astronomical observations
(eg.supernovae, gdmma ray bursts)
searches f or known sources (eg. neutron stars)
stand alone searches for compact binary coalescence,
periodic sources, burst sources, stochastic background
and unknown sources at h - 70'21 sensitivities

) Exploit science at h - 10'21 betore initiating'advanced'LIGO
upgrades



LIGO Science
h sfcs sc hedule

LIGO I (*2002 -2A06)
D LIGO I Collaboration of LSC

D obtain data for one year of live time at h - 10'21 (by 2005)
D one extra year for special running or coincidences with Virgo

Advanced LIGO (implement *2006+1

> broad LSC participation in R&D, design and implementation
> design sensitivity h - 10'22 {or better}

> 2.5 hr will exceed all LIGO | {nate lnere&ss o ser'}sitiw*ty eubsd}

oFacility Limited' Detectors ( > 2010 * )

D new optical configurations, new vacuum chambers, cryogenic,
QN D, etc

> sensitivity h - 10'23



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



OFv From Initial Interferometers to Advanced
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Conventions on
Sou rce/Sensitivity P lots

o Assume the best
search
algorithm now
known

Set Threshold
so false alarm
probability = 1%

Narrowband
Waves
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Overview of Sources

o Neutron Star &
Black Hole
Binaries
) inspiral
)) merger

Spinning NS's
) LMXBs
) known pulsars
> previously unknown

NS Birth (SN, Alc)
) tumbling
) convection

Stochastic
background
) big bang
)) early universe
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W Neutron
(our most

lnspiral
source)

Star lNeutron Star
reliably understood

time

lo-22
1.4 Msun 11.4 Ms
NS/NS Binaries
Event rates
)) V. Kalogera, R. Nara

D. Spergel, J.H. Tayl
astro-ph/OO12038

lnitial lFOs
) Range:20 Mpc

) 1 / 3000 yrs to 1 / 3Yrs rc-24
Advanced lFOs r
) Range: 300Mpc

) llyr to 2lday

na
rf r o-23

50 1 00 200
frequency,Hz

1 000

;

,-'10 min

4,yn"

,-,10,000 cycles

10 20



Science From Observed Inspirals:

"ft.l>*--*i
\

Relativistic effects are very strong -- e.g.
) Frame dragging by sprns + precessron + modulation
)) Tails of waves modify the inspiral rate

o Information carried.
) Masses (a few %o), Spins (?few%?), Distance [not redshiftl] (-lO%),

Location on sky (-1 degree)

Mchirp - p3/5 M2l5 to -t o-3

o Search for EM counterpart, e.g. y-burst. lf found:
) Learn the nature of the trigger for that l*hurst
) deduce relative speed of light ard gw's to - f sec / 3x109 yr" - 19:17

NS/NS, NS/BH, BH/BH



Neutron
and

Star
NS

lBlack Hole lnspiral
Tidal Disruption

\,r'r--o
/Y=

1.4Msun I 10 Msu
NS/BH Binaries

o Event rates
) Population Synthesis

t o-23[Kalogera's summaryi]

50 100 200
frequency,Hz

500 1 000

ff\-
qd

NS Radius to 15%
-Nuclear Physics-

NEED: Reshaped Noise,

lnitial lFOs
) Range: 43 Mpc

) 31 | 2500 yrs to 1 I 2yrs

Advanced lFOs
) Range: 650 Mpc

)) 31 lyr to 4l day

rc-24

10 20



Black Hole lBlack Hole Inspiral
and Merger

10Msun | 10 Msun
BH/BH Binaries
Event rates
) Based on population

synthesis IKalogera's
summary of literaturel

lnitial lFOs
) Range: 100 Mpc

) 31 l300yrs to -1 lyr

Advanced lFOs r
) Range: z=0.4
) 32 lmonth to -10 I day
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O BH/BH Mergers: Exploring the
Dynamics of Spacetime Warpage

bU,
Inspiral Merger

<-__--*

Ringdown

c.---.:l
rtr---'/

/\f------=Z.#
a-J

<,..-.p

Numerical
Relativity

Simulations
Are Badly

Needed!

I

€----?

I



o Massive BH/BH Mergers
with Fast Spins r Advanced lFOs

3

2
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1 000
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Spinning NS's: Pulsars

Upper Limit

a

o NS Ellipticity:
) Crust strengtn l-

e 110-6; possibly

o Known Pulsars:
First Interferomete

e i 3x10-6 (1000
x (distancellOkpc)

Narrowband Adva

e z 2x1O'8 (1oooH
x (distance/10kpc)

o Unknown NS's - All
sky search:
) Sensitivity -5 to 15

WOTSE

50 100 200
frequency,Hz

500 1 00010 20

11



Spinning Neutron Stars.
Low-Mass X-Ray Binaries

o Rotation rates -250 to 700
revolutions / sec
) Why not faster?
) Bildsten: Spin-up

balanced by GW e
torque

lf so, and steady ray
luminosity = GW s

Combined GW & E a-23

obs's = information about:
) crust strength & structure,

temperature dependence of
viscosity, 10

50 1 00 200
frequency, Hz

Signal strengths for
0 davs of intesratio

rsston

te: X
ngt

10 20 500 1 000



NS Birth:
Tumbling Bar; Convection

o Born in:
D Supernovae
D Accretion-lnduced Collapse of White Dwarf

o lf very fast spin:
) Centrifugal hangup

) Tumbling bar - episodic? (for a few sec or min)

D If modeling gfves enough waveform information,
detectable to:

- Initial lFOs: -sMpc (M81 groug, -1 supernova/3yr)

- Advanced lFOs: -100Mpc (-500 supernovae/yr)

lf slow spin:
D Gonvection in first -1 sec.

D Advanced lFOs: Detectable only in our Galaxy
(-1l3Oyrs)

> GW / neutrino correlations!



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

NS formed in supernova or accretioh- \
induced collapse of a white dwarf.
)) lf NS born with Pspin < 10 msec:

R-Mode instability:

) Gravitational radiation reaction drives
sloshing

o Physics complexities:
What stops the growth of
sloshing & at what amplitude?

Crust formation in presence of sloshing?

Coupling of R-modes to other modes?

Wave breaking & shock formation?

Magnetic-field torques?

Depending on thiso
Initial IFOs detect to I Mpc
(Local Group, -l SN/l5yr)
Advanced IFOs detect to
20 Mpc (Virgoo ^5 SN/yr)


