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About 1.3 billion years ago...

As massive objects move around, the curvature of space changes

Information about the changing spacetime curvature 

propagates out at the speed of light as gravitational waves
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However, the energy radiated is enormous

Solar luminosity L ~ 1033 erg/s 

Gamma Ray Bursts L ~ 1049-52 erg/s



Proxima Centauri

250,000,000,000,000 miles 

(4.2 light years)

Imagine measuring this 

distance to a precision 

of ten microns 

Smaller than the width 

of a human hair!



Advanced LIGO











GW150914

• Observed September 14, 2015 

09:50:45 UTC 

• The signal is seen first by the Livingston 

detector and then 7ms later at Hanford 

• Over 0.2 seconds, the signal increases 

in frequency and amplitude in about 

8 cycles from 35 Hz to a peak amplitude 

at 150 Hz

Abbott, ..., DAB, et al. PRL 116  061102 (2016)



• Use this to measure the "chirp mass" 

• From this we can bound the total mass 

• The components must reach an orbital frequency of 75 Hz without 

touching each other 

• Black holes are the only known objects compact enough to do this
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Abbott, ..., DAB, et al. Annalen der Physik, 529,1600209 (2017)
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To detect signals from compact-

object binaries, we construct a bank 

template waveforms and matched-

filter the data

Apply additional waveform-consistency 

tests to separate signal from noise

Allen,... , DAB, et al. Phys Rev D 85 122006 (2012) 

Babak,..., DAB, et al. Phys Rev D 87 024033 (2013) 

Usman,... DAB, et al. arXiv:1508.02357 

Capano, et al. arXiv:1602.03509 

Abbott, ..., DAB, et al. arXiv:1602.03839 

DAB, et al., Phys. Rev. D 86 084017 (2012)



Significance of the Signal
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Search Result

Search Background

Background excluding GW150914

• Matched filter search for signals 
from compact-object mergers in 
data taken between Sep 12 and 
Oct 20, 2015 

• Approximately 250,000 templates 

• Measure the noise background 
by introducing artificial "time-
shifts" and re-analyzing these 
data 

• False alarm rate < 1 in 203,000 yr

Abbott, ..., DAB, et al. Phys. Rev. D 93, 122003 (2016)



Abbott,..., DAB et al. PRL 119 161101 (2017) 

GW170817



GCN 21509 at 10:09 am EDT announcing significant BNS candidate 

coincident with the Fermi GBM trigger...



Usman,... DAB, et al. Class. Quant. Grav.33 215004 (2016)

Abbott,..., DAB et al. PRL 119 161101 (2017) 
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Nitz, Dent, Dal Canton, Fairhurst, DAB. Astrophys. J. 849 118 (2017)



GCN 21513 at 1:54 pm EDT with localization...



Singer and Price PRD 93, 024013 (2016)





• https://pycbc.org 

Core science funding 

through: NSF Gravity 

program grants to PIs; 

Max Planck Society; 

UK/EU investigators

Infrastructure through 

NSF ACI grants

Relies on Pegasus  

and HTCondor for  

job execution

https://pycbc.org


Collin CapanoChris Biwer Alex NitzSoumi De

Miriam Cabero Daniel Finstad Tito Dal Canton Ian Harry



• I joined the LIGO Scientific Collaboration in 1999 

• First LIGO paper:  

 

Abbott,…, DAB,…, Zweizig, “Analysis of LIGO data for gravitational 

waves from binary neutron stars” Phys. Rev. D69 122001 (2004) 

• Author 38 out of 368 co-authors 

• Cited by 145 since 2004



• Last LIGO paper:  

 

Abbott,…, DAB,…, Zweizig, “GW170817: Observation of 

Gravitational Waves from a Binary Neutron Star Inspiral” Phys. Rev. 

Lett. 119, 161101 (2017) 

• Author 137 out of 1125 co-authors 

• Cited by 2057 since October 2017 

• Left the LIGO Scientific Collaboration in January 2018





• LIGO Data Management Plan: https://dcc.ligo.org/M1000066/public 

• "Release of events and important non-detections will occur with 

publication of one or more papers discussing these observational 

results in the scientific peer-reviewed literature." 

• All O1 and O2 events available now 

• "The transition to Open Data, with the regular release of data during 

observation runs and prompt public alerts of transient events [will 

begin in April 2019]"

https://dcc.ligo.org/M1000066/public


• O3 alerts can be viewed at https://gracedb.ligo.org 

https://gracedb.ligo.org


• "Releases will occur every 6 months, in blocks of 6 months of data, 

with a latency of 18 months from the end of acquisition of each 

observing block (Expect to shorten the 18 month period)" 

• O1 and O2 data available now 

• O3A April 2019 + 6 months + 18 months = April 2021





• Calibrated LIGO gravitational-wave strain data is (basically) 

CD-quality audio 

• 16 kHz sample rate, 64 bit, 2 x channels 

• + Virgo (32 bit) makes three channels 

• ~ 1 hour of strain data can be downloaded for each event 

• signal(t) = detector noise(t) + gravitational-wave strain(t) 

• Full O1 strain data set O(10 Tb)
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Withers, Bockelman, Weitzel, DAB, Gaynor, Basney, Tannenbaum, Miller PEARC '18 (2018) arXiv:1807.04728

Capability-based 

authorization 

for science

scitokens.org

http://scitokens.org


 





Nitz, Capano, Nielsen, Reyes, White, DAB, Krishnan ApJ 872 195 (2019)





• Only requirement is an account on OSG Connect 

• Run PyCBC from a Singularity container 

• Create a workflow which is planned using Pegasus WMS and run 

under HTCondor 

• LIGO Open Data is read from CVMFS 

• stashcp is used to stage intermediate data products and store 

output 

• SciTokens is used for authentication





GW150914

Biwer, Capano, De, Cabero, DAB, Nitz PASP 131 024503 (2019)

De, Biwer, Capano, Nitz, DAB Nature Scientific Data 6, 81 (2019)



p(~✓|~d(t), H) =
p(~✓|H) p(~d(t)|~✓, H)

p(~d(t)|H)

Need the data, 

Need a model, 

Need a likelihood, 

Need priors, marginalization, and visualization, 

~d(t) from GWOSC

H ≡ h(t;↵, �,m1,m2,~s1,~s2,�1,�2, . . .)

p(~d(t)|~✓, H) =from PyCBC

from PyCBC

from PyCBC

Biwer, Capano, De, Cabero, DAB, Nitz PASP 131 024503 (2019)







Viewing angle is 32+10

−13 ± 1.7 deg

Lower limit of ≥ 13deg

robust to choice of prior

Finstad, De, DAB, Berger, Biwer ApJ 860 L2 (2018)

Daniel Finstad



Mooley et al. Nature 561, 355 (2018)

Distance-constrained GW observations 

of viewing angle are consistent with 

EM observations

Mooley et al. report 14 - 28 deg from radio

Troja et al. report 21 - 29 deg from  

broad band observations

Troja et al. arXiv:1808.06617

GW and EM observations support 

successful-jet cocoon model  

(structured jet)



https://github.com/sugwg/gw170817-inclination-angle 

https://github.com/sugwg/gw170817-inclination-angle




Haas et al. PRD 93, 124062  (2016)



Soumi De

De, Finstad, Lattimer, DAB, Berger, Biwer, Phys. Rev. Lett. 121, 091102 (2018)

8.9 ≤ R̂ ≤ 13.2 km

hR̂i = 10.8 km





CVMC

Singularity

Scavenged HTC Resources from 

Campus Desktop Computing. 

(Not just undergrad labs!)

Virtualization and containerization 

makes both ITS and 

researcher happy.











https://incommon.org/federation/info/all-entity-categories.html#IdPs 

https://incommon.org/federation/info/all-entity-categories.html#IdPs


https://wiki.shibboleth.net/confluence/display/SP3/Apache 

https://wiki.shibboleth.net/confluence/display/SP3/Apache






But...

Only 94 of 530 IdPs in InCommon support

research and scholarship internationally

(many don't support R&S at all!)



• Open data, open code, and open analysis allow new, reproducible 

science 

• The community should push for more openness in gravitational-

wave astronomy to get the best science for everyone and for the 

long-term health of the field 

• Federated identity management tools can make collaboration much 

easier










