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LIGO

Overview

J What are Gravitational Waves?
_ well
4 What is LIGO? How,does LIGO work?
d What is Einstein@Home? How does it work?

d How can you join the effort?
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=0 What are Gravitational Waves?

Just as Electromagnetic Waves (radio, infrared, visible,
ultraviolet) are time-varying oscillations of electric and
magnetic fields, are time-varying
oscillations in the gravitational field. Buit...

In Einstein’s General theory of Relativity (“GR”) gravitation Is
described as being a property of the geometry of
space+time=spacetime

Principles:
Matter curves spacetime,
and
Objects in “free-fall”
travel in "straight”
paths in the curved space.

LIGO-G087?7?7?-00-G 3



LSC

LIGO

Gravitational Waves

Rendering of space-time stirred by
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Matter curves space-time, and objects in
“free-fall" (even photons) travel in
“straight"” paths in the curved space.

Changes in space-time produced by moving a mass are not felt
Instantaneously everywhere in space, but propagates as a wave.
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Comparison with EM waves

LSC

Electromagnetic Waves
« Travel at the speed of light
* “transverse"
« Vector - dipole in both E and B

« Two polarizations: horizontal and
vertical

« Solutions fo Maxwell's Eqgns.

« EM waves can be generated by
a changing dipole charge
distribution.
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Gravitational Waves

Travel at the speed of light
“fransverse"

Tensor - quadrupole distortions
of space-time
Two polarizations, "+" and "x"
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« Solutions to Einstein's Egns.
« Gravitational waves require

changing quadrupole mass
distribution.
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LIGO  Comparison with EM waves

Electromagnetic Waves Gravitational Waves
« Travel at the speed of light « Travel at the speed of light
* “fransverse" * "“fransverse"
« Vector - dipole in both E and B « Tensor - quadrupole distortions
« Two polarizations: horizontal and of space-time
vertical « Two polarizations, "+" and "x"
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« Solutions to Maxwell's Egns. « Solutions to Einstein's Egns.

« EM waves can be generated by « Gravitational waves require

a changing dipole charge changing quadrupole mass
distribution. distribution.
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LIGO Example: Binary Inspiral

A pair of 1.4M@ neutron stars in
a circular orbit of radius 20 km,
with orbital frequency

produces GW’s (a strain of
amplitude h = AL/L) at
frequency 800 Hz.

Wave frequency is fwice | | 0”23
the rotation frequency of binary! k"\ — -

" v /is M)

( 1.4Mg binary inspiral provides a useful translation from dimensionless strain h
to the “reach” of the instruments, in Mpc )
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LIGO Indirect Evidence for GW's -
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LIGO How might GW’s be produced?

The most likely astronomical sources are:

1) Stochastic background from the early universe (Big Bang! Cosmic
Strings,...) - a "cosmic gravitational wave background” (CGWB)

2) Bursts from supernovae or other cataclysmic events
( Spherical symmetric = no GWI)

3) Coalescence of binary systems, inspiral of pairs of neutron stars
and/or black holes (NS-Ns, NS-BH, BH-BH)

4) Continuous Wave sources, such as spinning (and asymmetric!)
neutron stars ("gravitational pulsars").

5) Something unexpected...!

LIGO-G087?7?7?-00-G 9
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How might GW’s be detected?

Simplest example: the
“bar-bell” detector.

Practical implementation:
a "bar" detector

D220 lectre

Pioneered by Joseph Weber at
the University of Maryland in
1960's (no detection)

LIGO-G08????-00-G 10
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LIGO Michelson Interferometer

=

5 25 Beam ﬁ
Sp\&\'ef' Observer

L»ER
Measuring AL in arms allows the measurement of the strain

h=AL/L,

which is proportional to the gravitational wave amplitude A(7)
(Larger L is better, and multiple reflections increase effective length.)

LIGO-G08????-00-G 11



LIGO Power-recycled
Fabry-Perot-Michelson

suspended mirrors mark

S

inertial frames

test mass

light storage arm

ligh
test mass & tsrﬂf&ge test mass

test mass

beam — . antisymmetric port
splitter photodetector

carries GW signal

power recycling mirror
10W Symmetric port carries

common-mode info
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Laser Interferometer Gravitational wave QObservatory

———

LIGO Livingston Observatory (LLO) e e ‘"“

Livingston Parish, Louisiana

L1 (4km)

LIGO Hanford Observatory (LHO)

Hanford, Washington

H1 (4km) and H2 (2km)

Funded by the National Science Foundation; operated by Caltech and MIT,;
the research focus for ~ 500 LIGO Scientific Collaboration members worldwide.

LIGO-G087?7??-00-G 13



g | The LIGO Ob-servatories
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gce, ,’f)cean Color and Sea Ice” at V|S|bleearth nasa.gov
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Eield Center (Antarctica): Defense Meteoroloaical Satellite Prodram (citv liohts).
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What Limits Sensitivity?

LSC

] Seismic noise & vibration
limit at low frequencies

d Atomic vibrations (thermal
noise) inside components
limit at mid frequencies

d Quantum nature of light
(shot noise) limits at high
frequencies

d Myriad details of the lasers,

electronics, etc., can make
problems above these levels

LIGO-G087?7?7?-00-G
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Pulsar Upper Limits (S2)

10 1 i | L L I 1 I 1 L 1 11
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— LIGO design: 1 year
| Y Joint upper limit
- O Spindown upper limit "
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Gravitational wave amplitude h0

Frequency (Hz) S2: 14 Feb to 14 April 2003
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S3 Sensitivity

Strain Sensitivities for the LIGO Interferometers

le-l16m
LHO dbm ¢ 2002 0909 -
- LHO 4k (200304 08 -
le-17 LHO 4k (2004.01.04) - 53 - Inspiral Range for L4/1.4 Msun: 6.5 Mpc
LHO 4km (200408 13) - Inspiral Range for 1471 4 Msen: 8 Mpc
LIGO 1 SRD Goal, 4km
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Frequency [Hz] S3: 31 Oct 2004 to 9 Jan 2005
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Strain Sensitivity S1 - S5

h[f). 1/Sqrt[Hz]

LIGO-G087?7?7?-00-G

Leclty i
le-171z
le-18
le-19]-

le-20

Best Strain Sensitivities for the LIGO Interferometers

Comparisons among S1 - 55 Runs

LIGO-G060009-02-Z
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——  LLO 4km - 55 (2006.06.04) |
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Challenge of the NSB

National Science Board Resolution
(2005):

"The Board approved the resolution
[supporting funding for Advanced LIGO] with
the understanding that the existing LIGO
Program will collect at least a year's data of
coincident operating at the science goal

sensitivity before initiating facility upgrades to Ny I8
the new Advanced LIGO technology." R b —
Source: B. Berger, "View from the NSF", G050339-00 h-__ e g

S6 run will start in late 2009,
S5 completed successfully 30 Sept 2007! for about 3.5 years

Now upgrading to "Enhanced LIGO"

LIGO-G08????-00-G 19
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LIGO _ .
Searching for CW signals

If the frequency of the signal is constant, then searching for a signal is easy.
Starting with Signal+Noise...

0.01

0.00 kil

Signal

-0.01

0.0 02 0.4 0.6 0.8 10

(0.3895,_-0.0015805)_ Time (s)
Take the Fourier Transform to obtain: . Fourier Transform
o0
. 2mmt = 2t
f(t) = Z |:Am cos( ﬂ;l ) + B, sin( W;l )} ) 0.0006
m=0 =
- = 0.0004
. 1 2rmit g
Am = \/—2?/[; f(x) cos ( T ) dt 00002 | ‘ |
i T : 0.0000 bttt pa—
By, = 1 [ f (z) sin (%mt) dt 0 100 200 300 400
V2T Jo T Frequency (Hz)

There is even a computationally fast algorithm for this, the Fast Fourier Transform (FFT).
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The frequency will change!

But the frequency is not expected to be constant, due to:
1. The source losing energy due to "spin down" (

2. Doppler shift due to Earth's motion about the Sun )
(one part in 104, with period of 1 year)

3. Doppler shift due to Earth's rotation about its axis
(one part in 109, with period 1 sidereal day)

LIGO-G08????-00-G 21
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Matched Filtering
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Assuming data =z (t) = h(t) + n(t) compute  F =~ / dt
o Sp(t)
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Tirre {se

In reality h(t) is more complex, and
depends on sky position, frequency,

spin-down, and signal phase! Looks like we 're gonna need a bigger

computer!

And computational effort goes up like T6!
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BOINC to the rescue

.‘I?-

LIGO-G087?7?7?-00-G

In 2004 SETI@home upgraded to
BOINC:

Berkeley
Open
Infrastructure for
Network
Computing

Second generation of distributed
computing software to search for
distinctive peaks in Arecibo radio data.

Modular, so that one can replace the
"computation thread" and the
"graphics thread".

23
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Einstein@Home

How to use BOINC to search for a CW signal:

1.
2.
3.

Break the computations up into smaller "workunits"
Send these workunits (WU's) to participating “clients”

Each WU searches the entire sky (~30,000 points!) for a narrow band of
frequencies and the full range of spin-downs, computing the F-statistic.

Client returns top 13,000 candidates to the server for further processing,
and receives new WU's

Your PC 1. get instructions Projects Servers

2. download applications and input files

3. compute

4, upload output files

5. report results

LIGO-G087?7?7?-00-G 24
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Screensaver graphics

Einstein@Home
LHO azimuth Wwarld Year of Physics 2005

position

16:13:17

LLO azimuth
position

Search marker

GEOG600 azimuth
position

Known pulsars
(electromagnetic)

and SNR's

User, team,
User: Eric Myers
host info e—" L EEISELEE

Host credit,. 3851
Team: Pirates@Home

Search information:
Ra: 11227

DE: 57.24
Percent done: 4.323%
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LIGO
Einstein@Home status et 4 api 2008

P exus A Slashdot ) Prep B Pirates@Home w1212 (5 RS5 Feeds

& Einstein@Home Message .. | & Einstein@Home - Serv... 3 |

Einstein@Home - Server Status

Einstein@Home server status as of 3:15 FM UTC on Friday, 4 April 2008 {updated every 20 minutes).
The Einstein@Home main server has been continuously up for 661 days 18 hours 20 minutes.

Server status Download mirror status Users and Computers Work and Results

‘ Program ‘ Host ‘ Status ‘ Site ‘ Status ‘ Last failure ‘ USERS ‘ Approximate # ‘ WORKUNITS ‘ Approximate #
Web server einstein [ RUARING Albert Einstein Institute RURAING 31 h 45 m ago || in database in database 337,993
Einstein S5R3 generator  einstein [RUBRING University of Glasgow LSC group [RUARING 0 b 31 m ago with credit with canonical result 180,503
BOINC database feeder einstein [ RUARING MIT LIGO Lab RUAAIAG C© h 31 m ago registered in past 24 hours no canonical result 157,490
BOINC transitioner einstein [RUARIAG Fenn State LSC group Rupning 0 h 31 m ago HOST COMPUTERS ‘ Approximate # ‘ RESULTS Approximate #
BOIMC scheduler einstein [ RUARING Caltech LIGD Lab RUnnifg Mone in database 952,264 in database 723,340
BOINC file uploads einstein [ RUARING registered in past 24 hour unsent 7,344

S5R3 search progress

Einstein S5R3 validators  einstein [RUBAING with credit 484,088 in progress 192,450
Einstein SER2 validators  einstein [RUARIAG ‘ Total needed ‘ Already done ‘ Work still remaining active in past 7 days deleted 375,696
Einstein SSR3 assimilator  einstein FRUBRING 7,369,434 units 3,422,521 units 3,944,913 units floating point Speedl) 120.8 TFLOPS wvalid 361,650
Einstein SSR2 assimilator  einstein [RUBRING 100 % 46,442 % 53.558 % - valid last week 290,538
BOIMC file deleter einstein [ RUARING 419.8 days 195.0 days 224.9 days (estimated) inwvalid 40
BOINC database purger  einstein [RUBRAING Oldest UnsentResult 4d 15h12m

13 from the sum of the Recent Average Credit (RAC) for all users  Graphical display of progress on S5.

Feturn to Einstein@Home main page

LIGO-G08????-00-G 26



LSC

LIGO _ |
Einstein@Home results

ilght ascenzlon - decllnaflon edlor scatter plot

No detections! (except injections) SoaaRatedniection il okll)

S3 final analysis is described on the project

declination [radians]

we bS|te [ http://einstein.phys.uwm.edu/FinalS3Results |

iight ﬂ-ﬁ?ﬁﬂ‘ﬁﬂ [fﬂ-ﬂﬂ‘] -

S4 analysis is described in a paper being

prepared for publication, to be released soon... il il e
S3 Software injection (1 of 6)

Paper posted to arXiv.org on 10 April !
Bruce Allen is presenting S4 results next week at
the American Physical Society meeting in St. Louis

declination [radians]

S5 analysis is still in progress.... -1

ilght aian [rms] ;
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@Home - Mozilla
File Edit Yiew History Bookmarks Tools Help

<ﬁ < i @ ﬁ:‘ e | & htip: /feinstein.phys.uwm edu/ x| B Gl Google

P exus A Slashdot O Prep B Plrates@Home w1202 1) RSS Feads

| & Einstein@Home L | & 9. How does the Einstein. .. & The Einstein@Home Star.. | 3 BOINC: compute for scle... |

LIGO

UNIVERSITYof WISCONSIN

BE1e35 UWMILWAUKEE

Einstein@Home

User of the

. Guitarcuruas1 @
e
My name s Michael I live coastal in a town that is about 10 Miles of Monterey

CA, called Marina. I like mountain bike riding, hiking...

Join Einstein@Home

1. Read our rules and policies.
2. Download, install and run the BOINC software

used by Einstein@Home,
2. When prompted, enter the URL:
http:/ /einstein.phys.uwm.edu/

Thank you for your interest in Einstein@Home!

If you are a new user and you are using one of the
following (outdated) BOINC clients, then please use
this old-fashioned sign up page.

Einstein@Home IS a program that uses your comput
neutron stars {also called pulsars) using data from tl
detectors, Einstein@Home Is a World Year of Physics

1)

2)

4)

Visit project web site at
http://einstein.phys.uwm.edu

Follow download link to
Berkeley BOINC site

Download BOINC package

Double click to install
and follow directions

©) BOINC: compute for science - Mozilla  refox
File Edit Wiew History Bookmarks Tools Hg

+ Pre-5.0 dient American Physical Society (APS) and by a number of

+ Mac Menubar

If you would like to take part, please follow the "Join

+ command-line left, Einstein@Home is available for wWindows, Linux ¢

<@ - = @ ﬁ‘ ¥t boing@erkeley edu/download php LB (Gl 5oogle s
P exus Ao Slashdot ) Prep B Pirates@Hgle w- 1202 | RSS Feeds
& Einstein@Home &9 does the Einstein... | & The Einstein@Home Star... 3£ BOINC: compute for ... & | %

Einstein@Home is currently searching the most sens
Returning participants first science run at design sensitivity ($5). Far more
information" section on the left of this page.
+ Your account - view stats, modify preferences
+ Teams - create or join a team
+ Download BOING
+ BOINC Add-ons
+ Einstein@Home Applications
+ Choose language
+ BOINC infroduction

Bruce Allen, Professor of Physics, U. of Wisconsin - 1
Einstein@Home Leader for the LIGO Scentific Collabe

News items

Jan 25, 2008

we found that we need to split the current S5R3 rur
about it in this forum thread). We are currently ~6 ¢
half, which means that we are experiencing the usua
run, with the commeon raise of downlaod traffic durin
to suspend the project for the next days.

BOINC is a program that Ig
3 Climateprediction.net, &
Community

After installing BOI
+ Participant profiles

+ Message boards - Discussion and Help
+ Frequently asked questions

Download BOINC
+ BOINC Wiki - BOINC documentation

5.10.45 for Windows (7.10 MB)

Qct 25, 2007
Einstein@Home will be shutdown for short while tod:
database. The work will begin at 14:10:00 UTC Oct 2

Project totals and leader boards

compute for science

wou donate your idle computer time o science projects like SETI@home,
etta@home, Warld Community Grid, and many athers.

¥ your computer, you can connect it to as many of these projects as you like.

Syst: i Rel
+ Top participants Qct 15, 2007 yetem re "

+ Top computers The database problems have been fixed, and the Ein

+ Top teams running again. Flease note that a few contributors m

+ Other statistics strange or incorrect state. Please see this message b

; ; } repart any problems.,
gcience information and progress reports

i

notes | T

oting | All versions

B)z{inc

Search



http://einstein.phys.uwm.edu/

File Edit Wiew History Bookmarks Tools Help

<,3 - @ ﬁ | & htp:/feinstein phiys uwm edu/top_teams.php x| B IC] Google s
P exus £ Slashdot 1) Prep B Pirates@Home - 122 (1 RSS Feeds
& Einstein@H... | & Einstein@H... | & Top tea... @ | ZXBOINC Hist... | & [gr-qe/9804... | [ Serials Solu... | “sPhys Rev. ... | % MNewsarchive | -
Top teams
| Rank | Name Members Recent average credit Total credit Country
1 SETL Germany 1975 1,155,166 167,644,259 Germany
2 Einstein at work 512 949,298 212,350,781 Germany
3 Special: OH-Topic 680 260,175 140,727,706  Germany
4 University of Wisconsin - Milwaukee (Computer Labs) 31 183,823 99,068,876 United States
1} Czech Mational Team 1937 182,983 119,607,087 Czech Republic
& Planet 30Now! 302 168,559 25,529,256 Germany
7 L'Alliance Francophone & Your geccount | & Possible nv., & | SXBOINC inth.. | [gr-ge/9804.. | L Serials Solut... | s Phys. Re
g Einstein@LHQ . o
Possible new source of gravitational waves
9 Team China
10 Einstein@Uw-Madison l— search
1 Team USA advanced search You have no unread prive
12 The Knights Who Say il Message boards : Science : Possible new source of gravitational waves
13 BOINC Synergy Reply to this thread -
Subscribe to this thread
i LSO ‘ Author Message
15 Russia Mahray Message 83053 - Posted 2 Apr 2008 10:20:29 UTC
18 Linux Users Everywhere ) ) ) _
An interesting article on NewScientist about mountains on neutrons stars causing gravitational waves, Al
17 SETLUSA Einstein@Home.
18 Mordlichter Check it out at http://space.newscientist com/article/dn1 3566-mountains-on-stars-could-trigger-gravital
private message .
19 BOIMNC SK Joined: Moy 11, Come on Aussie Come on!
2004 & = Join the #1 Aussie Alliance,
20 BOINC@Poland . E_ _INC . ranked 10th in the world.
Posts! 43 = Help us grow and maintain
1D: 2002 @ o top ten world position.
Mext 20 Credit: 250,989 www.boinc-australia.net
RAC: 153
ID: 83053 |8
chipper o @ Message 83063 - Posted 2 Apr 2008 15:41:17 UTC

LIGO-G087?7???-00-

So if gravitational waves can be inferred from measuring a change in the orbital period of a binary system (as with PSR 1913+16),
then would it be possible to infer which neutron stars are good candidates for producing gravitational waves by measuring a change in
the rotational period? I understand that pulsars rotate with a regularity that rivals atomic clocks with regard to timing, but wouldn't
that make the measurement easier (or more precise) over time?

private rmessage
Ioined: Feb 20,
2005

Posts: 1429

ID: 22183
Credit: 374,860

10 83063 | @

P exus A Slashdot 0 Prep BA Pirates@Home we [2U2 0 RSS Feeds

| & Detector Watch

L | YEBOING In the MNews “ws Phys, Rev, D 58 (1998): ...

Detector Watch

advanced search

search

Yout

Message boards : Science : Detector Watch

Reply to this thread
Subscribe to this thread

Author

Mike Hewson @

Message

Message 49171 - Posted 8 Oct 2006 9:04:34 UTC

Farum
moderator

(A

private message
Joined: Dec 1,
2005

Posts: 3686

1D 135571
Credit:
1,969,877

RAC: 2,186

IR enlv to thic nost]

Last modified: 9 Oct 2006 4:00:50 UTC

I've taken a mind to browsing the detector logs regularly. I thought I'd try to kick off
want any thread stickied let me know ). would it be of interest if I report on anything
there, but I quite like the technical side of these magnificent machines and I'm hoping
few questions I may have...

They are publicly viewable via the Username: 'reader’ and Password: 'readonly’ at eith

1 hope to keep images and sizes to a minimum, for the sake of non-broadbanders. Pl
otherwise ... ah well :-)

Anyhows I'll fire up by showing the effect of a nearby earthquake on Hanford:

e B - NS/NS Ins
15 =
S R
14 : ’
e ey
12 I k .
_me
510 ]
g9 I
E 8
]
&
Time (h)
T0=07/10/2006 19:.09:23 Avg=1 10=07/1072006 19.08:47 A
mﬂ State Vector ﬂ | C
5 e |1 T -\1 “°7EI T T T
4 U S
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J What are Gravitational Waves?

_ v _ v
d What is LIGO? How well does it work?

. . v | v
J What is Einstein@Home? How does it work?

d How can join the effort !!

= http://einstein.phys.uwm.edu
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Einstein@Home contributors

Mame

Bruce Allen

David anderson

Teviet Creighton

Steffen
Srunewald

Alos Fekete
Cravid Hammer

Yousdke [Toh
Saurav Khanna

Badri Krishinan
Mike Landry

Bernd
Machenschallk

Sreg Mendell
Eric Myers
Ben Owen

Marialessandra
Fapa

Holger Fletsch
Reinhard Prix

James Riordon

Havier Siemens

LIGO-G087?7?7?-00-G

| Institution
[WAT

UC Berkeley
Caltech,IPL

AEIL

AEI
Ly [
AEL and LW

Mass
Crartmouth

AEI
LHO

AEI

LHC
Wassar

F=U
AEI
Ly 4]
AEI

APS
LI ]

Contributions

Science code, Screensaver, BOIMC locality scheduler, Wl dasmon, Assimilator, BOIMC
development, Management, Data preparation

BOINGC development, Debugging
Walidator

Walidator, Download mirroring

Low-level code optimization
Server installation and administration, Scareensaver, Website, Debugging, Data preparation

Science code, Post-processing and analysis
Code optimization/vectorization (espedially on FFPC)

Einstein@Home 54,55 search design
AFPS web pages

Science code, Application development and optimization/vectorization for all platforms, Forum
moderation, Debugging, BOINC development

APS web pages
Scoreensaver, Website

Message boards, Einstein@Home S4/55 search design
Science code

Fost-processing and analysis

Sdcience code, Search design, Linux and Mac builds, Optimization, Debugging, BOINC
development

Publicity

Sclence code, Testing, Data preparation

...and 200,000 volunteers!
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