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LIGO Summary LSC

Searches for gravitational waves (GWSs) from spinning neutron stars are
computationally limited

We achieve better sensitivity the more computing power we have

Einstein@home farms out the data analysis to hundreds of thousands of
machines in the general public

Machines crunch data with their spare cycles

About 50 Tflops of computing power currently available

Current status:

3rd science run (S3) analysis completed and published on the web
S4 crunching is complete and post-processing is beginning
S5 data are now being sent out
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LIGO GWs from neutron stars LSC

@ Rotating neutron stars emit GWs if they are asymmetric
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LIGO GWs from neutron stars LSC

Rotating neutron stars emit GWs if they are asymmetric

Continuous GW source (over thousands of years)

Nearly-constant GW frequencies, up to ~kHz
Modulated by spindown and by detector Doppler shift

Signal-to-noise grows as /# of cycles, but computational cost
of search grows as (# of cycles)**!, where k is the number of
Intrinsic parameters being searched (f, «, 9, .. .)
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LIGO GWs from neutron stars LSC

Rotating neutron stars emit GWs if they are asymmetric

Continuous GW source (over thousands of years)

Nearly-constant GW frequencies, up to ~kHz
Modulated by spindown and by detector Doppler shift

Signal-to-noise grows as /# of cycles, but computational cost
of search grows as (# of cycles)**!, where k is the number of
Intrinsic parameters being searched (f, «, 9, .. .)

Length of templates, and thus sensitivity of search, are
computationally limited
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LIGO Einstein@home goals LSC

Science:

Distributes most computational work to computers in general public
Aimed at detection of GWSs from pulsars (not upper limits)
Uses Berkeley Open Infrastructure for Network Computing (BOINC)
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Science:

Distributes most computational work to computers in general public
Aimed at detection of GWSs from pulsars (not upper limits)
Uses Berkeley Open Infrastructure for Network Computing (BOINC)

Outreach:

Launched at AAAS meeting, Feb. 19 2005
Cornerstone of APS World Year of Physics 2005 outreach activities
Currently has over 100000 users (~50000 active) from over 180

countries, contributing ~50 Tflops of computing power

CaJAGWR 2006-06-27



LIGO Einstein@home goals LSC

Science:

Distributes most computational work to computers in general public
Aimed at detection of GWSs from pulsars (not upper limits)
Uses Berkeley Open Infrastructure for Network Computing (BOINC)

Outreach:

Launched at AAAS meeting, Feb. 19 2005
Cornerstone of APS World Year of Physics 2005 outreach activities
Currently has over 100000 users (~50000 active) from over 180

countries, contributing ~50 Tflops of computing power

Currently the second-most popular BOINC project (after SETI@home)
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Einstein@home goals LSC

LIGO

Einstein®Home Users and Total Credits History
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Currently the second-most popular BOINC project (after SETI@home)

Growth of Einstein@home over time. ..
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LIGO Einstein@home goals LSC

Currently the second-most popular BOINC project (after SETI@home)

Growth of Einstein@home over time. ..
Truly a global endeavour!
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LIGO How BOINC works LSC

Clients Servers

BOINC client Web server Database
» web pages -
 up/downloads » work

* results
* users
* hosts
* fora

BOINC client

Users download BOINC client, and choose one or more projects
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LIGO How BOINC works LSC

Clients Servers
BOINC client Web server Database
I - web pages -

einstein app * up/downloads ) worklt Project-Specific
* results
. USers Components
* hosts
* fora

BOIN(i client

einstein app

Users download BOINC client, and choose one or more projects

BOINC client installs and runs analysis application(s)
Can update application on the fly
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LIGO

Clients

BOINC client

I

einstein app

BOINC client

I

einstein app

How BOINC works

Servers

Web server
» web pages
 up/downloads

BOINC daemons
* transitioner

* deleter

* purger

Database

* work

* results
* users
* hosts
 fora

LSC

Project-Specific
Components

Project daemons
* generator

« validator

* assimilator

Users download BOINC client, and choose one or more projects

BOINC client installs and runs analysis application(s)
Can update application on the fly

Other BOINC and project daemons schedule workunits and process results
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LIGO Einstein@home timeline LSC

Spring 2004: Development of Einstein@home begins

November 2004: Unofficial test launch

19 February 2005: Official public launch, analyzing S3 data

3 May 2005: Second S3 search using calibrated, cleaned data

27 June 2005: Started preliminary search of S4 data

September 2005: Published partial S3 results on Einstein@home website
24 December 2005: Started improved and optimized S4 search

16 June 2006: Sent out last of S4 data, started on S5 data

Where we stand. ..
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Einstein@Home - Server Status

Einstein@Horme server status as of 11:11 PM UTC an Wednesday, 21 June 2006 (updated every 20 minutes],
The Einstein@Home main server has been continuously up for 9 days 2 hours 16 minutes,

Server status Download mirror Users and Work and Results
status Computers
Program Host Status WORKUNITS Appru:lmate
Web server einstein - Site Status '—_ﬂ5t USERS Approximate
failure # in database 598,775
Einstein worlk : ;
Institute ago result :
BOING with credit 125,388
database einstein University of S4 Wil (no
141 h 16 , , ,
feeder Glasgow LSC m ago registered in 130 canonical 140,499
group past 24 hours result)
BOINC . .
transitioner Qinskelh - MIT LSC group 171 h 21 HOST Approximate S5 WU (no
rm ago COMPUTERS # canaonical 24,350
BOINC : : result)
scheduler EIRSEEE - Penn State L3C 153 h 26 in database 433,259
graup rm ago RESULTS Approximate
. . . . . #
BOIMNC file e reqistered in 60
uploads past 24 hours
S5 search progress in database 1,687,813
albert ; . with credit 246,773
walidators ginstein - unsent 17,371
Total Already Work still active in past 7 A
i i . ; ded done remainin ' i
A
Einstein e W - neede ! days In progress 280,297
validators
16,446,454 183,476 16,262,978 potential deleted 1,025,140
,|:.,||:...9r-t. B units units units floating point 102.8 TFLOPS
assimilator . s SN speed!) valid 1,002,190
[=] ' (=] ' =]
Einstein . . floating point valid last week 694,205
eilatan PR - 365.7 days 4.1 days 361.7 days ,jzg:lp 0.8 TFLOPS J
_ . T (estimated) i invalid 1,042
SSIET;_ME einstein -
Oldest Unsent Sdid h 27 m
BOING Result
database einstein
purger

1) the surm of the benchrarked FLops/s of all hosts that have contacted the Einstein@Harne scheduler within the past weelk
2) from the sum of the Recent Average Credit (RAC) for all users



Einstein@Home - Server Status

Einstein@Horme server status as of 11:11 PM UTC an Wednesday, 21 June 2006 (updated every 20 minutes],
The Einstein@Home main server has been continuously up for 9 days 2 hours 16 minutes,

Server status Download mirror Users and Work and Results
status Computers
Program Host Status WORKUNITS Appru:imate
web server einstein - Site Status Last USERS Approximate :
failure #* in database 593,775
Einstein work : ;
Institute aqgo result :
BOING _ _ with credit 125,388
database einstein University of 141 h 16 . . =4 WU (no
feeder Glasgow LSC m ago registered in 130 canonical 140,499
group past 24 hours result)
BOINC . .
transitioner Qinskelh - MIT LSC group 171 h 21 HOST Approximate S5 WU (no
rm ago COMPUTERS # canaonical 24,350
BOINC : : result)
scheduler EIRSEEE - Penn State L3C 153 h 26 in database 433,259
rou m ago ;
. d p d . . RESULTS Appru:lmate
BOIMNC file e reqistered in 60
uploads past 24 hours
S5 search progress in database 1,687,813
albert ; . with credit 246,773
walidators ginstein - unsent 17,371
Total Already Work still active in past 7 A
i i ) ; ded done remainin ! i
Einstein e W - neede ! days In progress 280,297
validators
16,446,454 183,476 16,262,978 potential deleted 1,025,140
Albert . units units units floating point 102 .8 TFLOPS
assimilator speedl) valid 1,002,190
100 % 1116 % 98,8584 %
Einstein . . floating point valid last week 694,205
assimilatar SR - 361.7 days e 50.8 TFLOPS !
365.7 days 4.1 days (estimated) speed ) )
: R invalid 1,042
SSIET;_ME einstein -
Qldest Unsent Sdid h 27 m
BOING Result
database einstein .
purger L ” 1 1 1
Over 70 000 “nodes” running Einstein@home!

1) the surm of the benchrarked FLops/s of all hosts that have contacted the Einstein@Harne scheduler within the past weelk
2) from the sum of the Recent Average Credit (RAC) for all users



Einstein@Home - Server Status

Einstein@Horme server status as of 11:11 PM UTC an Wednesday, 21 June 2006 (updated every 20 minutes],
The Einstein@Home main server has been continuously up for 9 days 2 hours 16 minutes,

Work and Results

Server status Download mirror Users and
status Computers
Program Host Status
Web server einstein - Site Status Last USERS Approximate
failure #
Einstein worlk : ;
generator &instein - Albert Einstein 164 h 6 m in database 200,663
Institute ago
BOING _ _ with credit 125,388
database einstein University of 141 h 16
feeder Glasgow LSC m ago registered in 130
group past 24 hours
BOINC . .
transitioner Qinskelh - MIT LSC group 171 h 21 HOST Approximate
rm ago COMPUTERS *
BOING P
scheduler EIRSEEE - Penn State L3C 153 h 26 in database 433,259
group m ago
BOIMNC file e reqistered in 60
uploads past 24 hours
S5 search progress | |
E.Iatllizratturs P - with credit 246,773
Total Already Work still active in past 7 A
i i . ; ded done remainin d '
Einstein e W - nee ! ays
validators
16?4461454 18_314?6 165262;:!?3 ﬁtentieﬂ
,:‘||:...9r-t.| B - units units units ﬂ.;.atingjp.;.int 102.8 TFLOPS
assimilatar k d1
pee
100 % 1116 % 98,8584 %
Einstein ' . : :
P einstein floating point
assimilator - 361.7 days 2 50.8 TFLOPS
365.7 days 4.1 days (estimated) speed
SSIET;_ME einstein -
BOINC
database einstein
purger

1) the surm of the benchrarked FLops/s of all hosts that have contacted the Einstein@Harne scheduler within the past weelk

WORKUNITS “"""":i"‘ate
in database 593,775
with canonical 363,326
result
=4 Wl (no
canonical 140,499
result)
S5 WU (no
canaonical 24,350
result)

RESULTS Appru:imate
in database 1,687,813
unsent 17,371
in progress 280,297
deleted 1,025,140
valid 1,002,190
valid last weel 694,205
inwalid 1,042
Oldest Unsent Sdid h 27 m

Fesult

Over 100 Tflops of compute power available. ..

2) from the sum of the Recent Average Credit (RAC) for all users




Einstein@Home - Server Status

Einstein@Horme server status as of 11:11 PM UTC an Wednesday, 21 June 2006 (updated every 20 minutes],
The Einstein@Home main server has been continuously up for 9 days 2 hours 16 minutes,

Server status Download mirror Users and Work and Results
status Computers
Program Host Status WORKUNITS Appru:imate
Web server einstein - Site Status '—_ﬂ5t USERS Approximate
failure # in database 598,775
Einstein worlk : ;
Institute ago result '
BOING with credit 125,388
database einstein University of =4 Wl (no
141 h 15 ) . .
feeder Glasgow LSC m ago registered in 130 canonical 140,499
group past 24 hours result)
BOINC . .
transitioner Qinskelh - MIT LSC group 171 h 21 HOST Approximate S5 WU (no
rm ago COMPUTERS # canaonical 24,350
BOINGC . : result)
scheduler SHRSEEIE - Penn State L5C 153 h 26 in database 433,259
rou m ago ;
. d p d . . RESULTS Appru:lmate
BOIMNC file e reqistered in 60
uploads past 24 hours
S5 search progress in database 1,687,813
albert ; . with credit 246,773
walidators ginstein - unsent 17,371
Total Already Work still active in past 7 A
i i . ; ded done remainin d ' i
Einstein e W - nee ! ays In progress 280,297
validators
16,446,454 183,476 16,262,978 potential deleted 1,025,140
Albert . units units units floating point 102 .8 TFLOPS
assimilator speedl) valid 1,002,190
100 % 1116 % 98,8584 %
Einstein . . floating point valid last week 694,205
eilatan PR - 365.7 days 4.1 days 361.7 days Qjeed%p 0.8 TFLOPS J
_ (estimated) invalid 1,042
SSIET;_ME einstein -
Oldest Unsent Sdid h 27 m
BOING Result
database einstein .
purger 1 1 1
...but only 50 Tflops dedicated to Einstein@home

1) the surm of the benchrarked FLops/s of all hosts that have contacted the Einstein@Harne scheduler within the past weelk
2) from the sum of the Recent Average Credit (RAC) for all users



Einstein@Home - Server Status

Einstein@Horme server status as of 11:11 PM UTC an Wednesday, 21 June 2006 (updated every 20 minutes],
The Einstein@Home main server has been continuously up for 9 days 2 hours 16 minutes,

Server status Download mirror Users and Work and Results
status Computers
Program Host Status WORKUNITS Approximate
*
Web server einstein - Site Status Last USERS Approximate :
failure # in database 598,775
Einstein worlk Ak ) ) .
generator Einsielr albert Einstein 164 b & m in database 200,663 T e
Institute ago result 363,326
BOING _ _ with credit 125,388
database einstein University of 141 h 16 S4 Wil (no
feeder Glasgow LSC m ago registered in 130 canonical 140,499
group past 24 hours result)
BOINC . .
transitioner Qinskelh - MIT LSC group 171 h 21 HOST Approximate 55 WU (no
rm ago COMPUTERS # canaonical 24,350
BOINGC . : result)
scheduler SHRSEEIE - Penn State L5C 153 h 26 in database 433,259
group m ago RESULTS Approximate
BOIMNC file e reqistered in 60
uploads past 24 hours
S5 search progress in database 1,687,813
albert ; . with credit 246,773
walidators ginstein - unsent 17,371
Total Already Work still active in past 7 A
Einstein Lion needed done remaining days : in progress 280,297
validators
16,446,434 183476 16,262,978 potential deleted 1,025,140
,|:.,||:...9r-t. B units units units floating point 102.8 TFLOPS
assimilator speed!) valid 1,002,190
100 % 1116 % 98,8584 %
Einstein . . floating point valid last week 694,205
assimilatar SR - 361.7 days e 50.8 TFLOPS !
365.7 days 4.1 days (estimated) speed ) )
: it invalid 1,042
SSIET;_ME einstein -
] giﬁ Unsent =444 h2zm
BOINC o S5 search will take a year at current rate
database einstein
purger 1
(we expect things to speed up)

1) the surm of the benchrarked FLops/s of all hosts that have contacted the Einstein@Harne scheduler within the past weelk
2) from the sum of the Recent Average Credit (RAC) for all users



Einstein@Home - Server Status

Einstein@Horme server status as of 11:11 PM UTC an Wednesday, 21 June 2006 (updated every 20 minutes],
The Einstein@Home main server has been continuously up for 9 days 2 hours 16 minutes,

Work and Results

Server status Download mirror Users and
status Computers
Program Host Status
Web server einstein - Site Status Last USERS Approximate
failure #
Einstein worlk : ;
generator &instein - Albert Einstein 164 h 6 m in database 200,663
Institute ago
BOING _ _ with credit 125,388
database einstein University of 141 h 16
feeder Glasgow LSC m ago registered in 130
group past 24 hours
BOINC . .
transitioner Qinskelh - MIT LSC group 171 h 21 HOST Approximate
rm ago COMPUTERS *
BOINC . .
scheduler SHRSEEIE - Penn State L5C 153 h 26 in database 433,259
group m ago
BOIMNC file e reqistered in 60
uploads past 24 hours
S5 search progress | |
E.Iatllizratturs P - with credit 246,773
Total Already Work still active in past 7 A
i i . ; ded done remainin '
Einstein dio g - neede q days
validators
16?4461454 18_3J4?E| 165262]3?3 potential
.ﬁ.ll:u_er‘t_l . - units units units ﬂn:uatingjpnint 102 .8 TFLOPS
assimilatar - d1
pee
100 % 1116 % 98,8584 %
Einstein ' . : :
P einstein floating point
assimilator - 361.7 days 2 50.8 TFLOPS
365.7 days 4.1 days (estimated) speed
SSIET;_ME einstein -
BOINC
database einstein
purger

WORKUNITS “"""":i"‘ate
in database 593,775
with canonical 363,326
result
=4 Wl (no
canonical 140,499
result)
S5 WU (no
canaonical 24,350
result)

RESULTS Appru:imate
in database 1,687,813
unsent 17,371
in progress 280,297
deleted 1,025,140
valid 1,002,190
valid last weel 694,205
inwalid 1,042
Oldest Unsent Sdid h 27 m

Fesult

Update: has jumped to >70 Tflops in last week!

1) the surm of the benchrarked FLops/s of all hosts that have contacted the Einstein@Harne scheduler within the past weelk
2) from the sum of the Recent Average Credit (RAC) for all users




LIGO S3 Search: Method LSC

Most-sensitive 600 hours of Hanford 4km (H1) data, from 50-1500 Hz

Calibrated h(t) band-passed, windowed in 30 minute segments, FFTed
Short Fourier Transforms (SFTs)

CaJAGWR 2006-06-27

10



LIGO S3 Search: Method LSC
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Short Fourier Transforms (SFTs)

Cleaned of all known instrumental lines

Divided into overlapping 0.5Hz bands, collected into 10h stretches
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Search over isotropic sky grid (31 000 points), no spindown
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Most-sensitive 600 hours of Hanford 4km (H1) data, from 50-1500 Hz

Calibrated h(t) band-passed, windowed in 30 minute segments, FFTed
Short Fourier Transforms (SFTs)

Cleaned of all known instrumental lines
Divided into overlapping 0.5Hz bands, collected into 10h stretches

Compute coherent frequency-domain F-statistic (Jaranowski &al. 1998)
Search over isotropic sky grid (31 000 points), no spindown

Candidates have 2F>25 in a given 10h stretch

Coincident if they occur with A f<1073Hz, AQ<0.02 in 2 or more stretches
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LIGO S3 Search: Method LSC

Most-sensitive 600 hours of Hanford 4km (H1) data, from 50-1500 Hz

Calibrated h(t) band-passed, windowed in 30 minute segments, FFTed
Short Fourier Transforms (SFTs)

Cleaned of all known instrumental lines
Divided into overlapping 0.5Hz bands, collected into 10h stretches

Compute coherent frequency-domain F-statistic (Jaranowski &al. 1998)
Search over isotropic sky grid (31 000 points), no spindown

Candidates have 2F>25 in a given 10h stretch
Coincident if they occur with A f<1073Hz, AQ<0.02 in 2 or more stretches

For each sky position and frequency, count number of coincidences N (<60)

CaJAGWR 2006-06-27 10



LIGO S3 Search: Implementation

Each host is sent a 0.5Hz band with all 60 x10h stretches
Download size: 14MB

CaJAGWR 2006-06-27
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LIGO S3 Search: Implementation LSC

Each host is sent a 0.5Hz band with all 60 x10h stretches
Download size: 14MB

Searches a 0.1Hz sub-band (over all sky positions) for two 10h stretches
Average time to complete “workunit™. ~12h
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LIGO S3 Search: Implementation LSC

Each host is sent a 0.5Hz band with all 60 x10h stretches
Download size: 14MB

Searches a 0.1Hz sub-band (over all sky positions) for two 10h stretches
Average time to complete “workunit™. ~12h

Host returns list of all candidates coincident in both 10h stretches
Reduces upload size to ~100kB
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LIGO S3 Search: Implementation LSC

Each host is sent a 0.5Hz band with all 60 x10h stretches
Download size: 14MB

Searches a 0.1Hz sub-band (over all sky positions) for two 10h stretches
Average time to complete “workunit™. ~12h

Host returns list of all candidates coincident in both 10h stretches
Reduces upload size to ~100kB

Individual hosts are unreliable (overclocking, cheating)
Each workunit must have same result from at least 3 hosts

CaJAGWR 2006-06-27 11



LIGO S3 Results: Visualization LSC

3 search parameters:. Right Ascension «,
Declination 4§, and Frequency f

‘ Search returns N(«,9, f)

Declination

Right Ascension Frequer™
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LIGO S3 Results: Visualization LSC

Declination

%

Right Ascension

|

’

Declination

'
o

Right Ascension

CaJAGWR 2006-06-27

FrequenCY

Declination

3 search parameters:. Right Ascension «,
Declination 4§, and Frequency f

Search returns N(«,9, f)

We display peak value of N projected onto
(o,0) and (f,0) planes

Frequency

12



LIGO S3 Results: Clean band LSC
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Scatter plot of coincidences in a “good” 25Hz band
Number NNV of coincidences typically <6: statistically insignificant
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LIGO Software injection LSC
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Simulated source with hy=6.2 x 10723
Smeared out due to short observation time (~2 months)

CaJAGWR 2006-06-27



LIGO Hardware injection LSC
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Simulated source with ho=1.6 x 10~2
Only on 1/3 to 2/3 of time = poorer resolution
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