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Summary

• Searches for gravitational waves (GWs) 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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GWs from neutron stars

• Rotating neutron stars emit GWs if they are asymmetric
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GWs from neutron stars

• 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)k+1, where k is the number of
intrinsic parameters being searched (f , α, δ, . . .)

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

• Science:

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

• Currently the second-most popular BOINC project (after SETI@home)
? Growth of Einstein@home over time. . .
? Truly a global endeavour!
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How BOINC works

Clients Servers

BOINC client

BOINC client Web server
• web pages
• up/downloads

Database

• work
• results
• users
• hosts
• fora

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

Clients Servers

BOINC client

einstein app

BOINC client

einstein app

Web server
• web pages
• up/downloads

BOINC daemons
• transitioner
• deleter
• purger

Database

• work
• results
• users
• hosts
• fora

Project daemons
• generator
• validator
• assimilator

Project-Specific
Components

• 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

CaJAGWR 2006-06-27 6



Einstein@home timeline

• 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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Over 70 000 “nodes” running Einstein@home!
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Over 100 Tflops of compute power available. . .
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. . .but only 50 Tflops dedicated to Einstein@home
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S5 search will take a year at current rate
(we expect things to speed up)
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Update: has jumped to >70 Tflops in last week!
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S3 Search: Method

• 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)
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S3 Search: Method

• 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 ∆f≤10−3Hz, ∆Ω≤0.02 in 2 or more stretches

• For each sky position and frequency, count number of coincidences N (≤60)
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S3 Search: Implementation

• Each host is sent a 0.5Hz band with all 60×10h stretches
⇒ Download size: 14MB
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S3 Search: Implementation

• Each host is sent a 0.5Hz band with all 60×10h 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
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S3 Results: Visualization

• 3 search parameters: Right Ascension α,
Declination δ, and Frequency f

? Search returns N (α,δ,f )
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S3 Results: Visualization

• 3 search parameters: Right Ascension α,
Declination δ, and Frequency f

? Search returns N (α,δ,f )

• We display peak value of N projected onto
(α,δ) and (f ,δ) planes
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S3 Results: Clean band
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• Scatter plot of coincidences in a “good” 25Hz band

• Number N of coincidences typically ≤6: statistically insignificant
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Software injection
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• Simulated source with h0=6.2× 10−23

• Smeared out due to short observation time (∼2 months)
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Hardware injection
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• Simulated source with h0=1.6× 10−23

• Only on 1/3 to 2/3 of time ⇒ poorer resolution
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Violin modes
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• . . .and other constant-frequency artifacts

• Smeared into a characteristic band across sky
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Bad slices in ( α, δ, f )

• Putative pulsar signals are Doppler-modulated

f(t) = f0

(
1 +

vd(t) · n̂
c

) v

n̂
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Bad slices in ( α, δ, f )
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Bad slices in ( α, δ, f )

• Putative pulsar signals are Doppler-modulated

? Dominated by orbital motion
? For observation times � 1 year:
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Bad slices in ( α, δ, f )

• Putative pulsar signals are Doppler-modulated

? Dominated by orbital motion
? For observation times � 1 year:

f(t) ≈ f0

(
1 +

v⊕ · n̂
c

+
a⊕ · n̂

c
t + . . .

) v
a

⇒ When a⊕·n̂=0, signal is very nearly constant f

? Detector has many sources of constant-f noise
? These will look just like a pulsar signal from one of these “bad” directions

• Longer observations (many months) will reduce this effect

? But ecliptic poles will always be bad zones
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S3: Final results
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• Most significant events were injections or were in bad band
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S3: Final results

-90°

-45°

0°

45°

90°

D
ec

lin
at

io
n

0h 6h 12h 18h 24h

Right Ascension

0h 6h 12h 18h 24h

Right Ascension

0

10

20

30

40

50

60

N
um

be
r  

of
  c

oi
nc

id
en

ce
s

With injections Without injections

• Most significant events were injections or were in bad band

• There were a few outliers. . .
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S3: Final results

• Out of 15 500×0.1Hz bands, only 67 contained candidates with N≥10
coincidences
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S3: Final results

• Out of 15 500×0.1Hz bands, only 67 contained candidates with N≥10
coincidences

• 59 of those lie within band where a⊕·n̂=0

• Of remaining 8 candidates:

? Some were later identified as specific instrumental artifacts, others were
near a⊕·n̂=0 band

? All had low significance (N≤25)
? None showed up in follow-up on S4 data
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S3: Final results

• Out of 15 500×0.1Hz bands, only 67 contained candidates with N≥10
coincidences

• 59 of those lie within band where a⊕·n̂=0

• Of remaining 8 candidates:

? Some were later identified as specific instrumental artifacts, others were
near a⊕·n̂=0 band

? All had low significance (N≤25)
? None showed up in follow-up on S4 data

⇒ No evidence of pulsar signals found
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Einstein@home Lessons

• Took about 8 months to set up Einstein@home and convert analysis code

? Worth it! We get a reasonably reliable >50 000-node cluster
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Einstein@home Lessons

• Took about 8 months to set up Einstein@home and convert analysis code

? Worth it! We get a reasonably reliable >50 000-node cluster

• Sociology is important! Users need to feel useful

? Web site with user profiles and “User of the Day”
? Fora for users to communicate with us and each other
? “Publication” of S3 results on website

• Source of motivation: the BOINC “credit” (cumulative flops contributed)

? Since BOINC allows users to spread their cycles among many projects,
users will migrate to the project with the best return

? Users like optimized applications that give them better performance
? Some users will cheat for credit: this turned out to be main reason for

keeping triple-redundant validation
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S4 Search

• Use optimal segment length: 30 hours

• Add one spindown ḟ , search up to f/ḟ ∼10 000yr

• Use metric-based sky grid with maximum mismatch ∼0.5
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S4 Search

• Use optimal segment length: 30 hours

• Add one spindown ḟ , search up to f/ḟ ∼10 000yr

• Use metric-based sky grid with maximum mismatch ∼0.5

• Each host searches one 30h stretch: no coincidence
? Floating threshold: returns top 13 000 candidates

• Each host searches a variable bandwidth ∆f∼f−3

? ∼8 hours per workunit

• Status: Analysis took ∼6 months, last workunits sent out two weeks ago
⇒ Ready to start post-processing
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S5 Search

• Fast low-frequency (50–400Hz) and slow high-frequency (400–1500Hz)
workunits

? BOINC can preferentially schedule slower workunits on faster hosts
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S5 Search

• Fast low-frequency (50–400Hz) and slow high-frequency (400–1500Hz)
workunits

? BOINC can preferentially schedule slower workunits on faster hosts

• Switch from client-claimed to server-estimated BOINC credit

? Reduces opportunities for credit fraud
? Allows us to reduce redundancy of validation

• Status: Started sending out workunits; estimated 6 to 12 months

? Server side has spare capacity
⇒ Time to recruit more users!
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