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500 kHz or 8.5 GHz?
And all the ranges in between.

Lock-in Amplifiers for your periodic signal measurements

N Zurich
Z N\ Instruments

| |

e

:
slstel

AIP
4//_‘_ Publishing



https://pubs.aip.org/aip/apl/article/122/18/184101/2887640/Searching-for-the-causes-of-anomalous-Advanced
https://pubs.aip.org/aip/apl/article/122/18/184101/2887640/Searching-for-the-causes-of-anomalous-Advanced?pdfCoverIconEvent=cite
https://pubs.aip.org/aip/apl/article/122/18/184101/2887640/Searching-for-the-causes-of-anomalous-Advanced?pdfCoverIconEvent=crossmark
https://pubs.aip.org/apl/collection/973/Gravitational-Wave-Detectors
javascript:;
https://orcid.org/0000-0002-4845-8737
javascript:;
https://orcid.org/0000-0003-0266-7936
javascript:;
javascript:;
https://orcid.org/0000-0001-8242-3944
javascript:;
https://orcid.org/0000-0003-2666-721X
javascript:;
https://orcid.org/0000-0002-7709-8638
javascript:;
https://orcid.org/0000-0002-7404-4845
javascript:;
https://orcid.org/0000-0002-0363-4469
javascript:;
https://orcid.org/0000-0002-1395-8694
javascript:;
https://orcid.org/0000-0003-0316-1355
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0002-1873-3769
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0002-1494-3494
javascript:;
javascript:;
https://orcid.org/0000-0003-0638-9670
javascript:;
https://orcid.org/0000-0003-3856-8534
javascript:;
javascript:;
https://orcid.org/0000-0003-1106-1178
javascript:;
https://orcid.org/0000-0002-5731-5076
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0001-8916-8915
javascript:;
https://orcid.org/0000-0002-8320-2198
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0001-5565-8027
javascript:;
javascript:;
https://orcid.org/0000-0001-7852-7484
javascript:;
javascript:;
https://orcid.org/0000-0001-9819-2562
javascript:;
https://orcid.org/0000-0003-1533-9229
javascript:;
https://orcid.org/0000-0001-6623-9506
javascript:;
https://orcid.org/0000-0002-4141-2744
javascript:;
javascript:;
https://orcid.org/0000-0003-4566-6888
javascript:;
javascript:;
https://orcid.org/0000-0002-7101-9396
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0003-4295-792X
javascript:;
javascript:;
https://orcid.org/0000-0002-3888-314X
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0001-8114-3596
javascript:;
https://orcid.org/0000-0002-9675-8873
javascript:;
https://orcid.org/0000-0003-0613-2760
javascript:;
https://orcid.org/0000-0002-1845-9309
javascript:;
https://orcid.org/0000-0002-6427-3222
javascript:;
javascript:;
https://orcid.org/0000-0001-5620-6751
javascript:;
https://orcid.org/0000-0002-2693-6769
javascript:;
https://orcid.org/0000-0002-1636-0233
javascript:;
https://orcid.org/0000-0002-6134-7628
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0001-8459-4499
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0002-8940-9261
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0002-3531-817X
javascript:;
https://orcid.org/0009-0006-8732-2302
javascript:;
https://orcid.org/0000-0002-7489-4751
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0002-5556-9873
javascript:;
https://orcid.org/0000-0002-6287-8746
javascript:;
https://orcid.org/0000-0002-1762-9644
javascript:;
https://orcid.org/0009-0006-2217-0395
javascript:;
javascript:;
javascript:;
javascript:;
https://orcid.org/0009-0002-7904-9212
javascript:;
javascript:;
https://orcid.org/0000-0003-1241-1264
javascript:;
https://orcid.org/0000-0002-4825-6764
javascript:;
https://orcid.org/0000-0001-9982-3661
javascript:;
https://orcid.org/0000-0003-4618-5939
javascript:;
https://orcid.org/0000-0001-5205-9109
javascript:;
https://orcid.org/0000-0002-2874-1228
javascript:;
https://orcid.org/0009-0008-2577-3161
javascript:;
https://orcid.org/0000-0002-1702-9577
javascript:;
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0001-7515-9639
javascript:;
https://orcid.org/0000-0002-9186-7034
javascript:;
javascript:;
https://orcid.org/0000-0001-6726-3268
javascript:;
javascript:;
https://orcid.org/0000-0002-6096-8297
javascript:;
javascript:;
https://orcid.org/0000-0003-4736-6678
javascript:;
https://orcid.org/0000-0002-3957-1324
javascript:;
https://orcid.org/0000-0003-1306-5260
javascript:;
javascript:;
https://orcid.org/0009-0007-4351-6380
javascript:;
https://orcid.org/0000-0001-8982-8418
javascript:;
https://orcid.org/0000-0003-0219-9706
javascript:;
https://orcid.org/0009-0000-6985-8054
javascript:;
https://orcid.org/0000-0001-6210-5842
javascript:;
javascript:;
https://orcid.org/0000-0003-0851-0593
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0002-9556-142X
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0002-0351-4555
javascript:;
https://orcid.org/0000-0002-8855-2509
javascript:;
https://orcid.org/0000-0002-8123-7338
javascript:;
javascript:;
https://orcid.org/0000-0002-8599-8791
javascript:;
https://orcid.org/0009-0001-4174-3973
javascript:;
https://orcid.org/0009-0003-7480-1054
javascript:;
https://orcid.org/0009-0006-1975-164X
javascript:;
https://orcid.org/0000-0001-6794-1591
javascript:;
javascript:;
https://orcid.org/0000-0002-7711-4423
javascript:;
https://orcid.org/0000-0003-4507-8373
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0002-2857-4642
javascript:;
https://orcid.org/0000-0003-2194-7669
javascript:;
https://orcid.org/0000-0002-1472-4806
javascript:;
https://orcid.org/0000-0002-6418-5812
javascript:;
javascript:;
https://orcid.org/0000-0002-9388-2799
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0002-8955-5269
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0003-3317-1036
javascript:;
javascript:;
https://orcid.org/0000-0003-2896-4218
javascript:;
https://orcid.org/0000-0001-8922-7794
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0003-4606-6526
javascript:;
https://orcid.org/0000-0002-2471-3828
javascript:;
https://orcid.org/0000-0002-6178-3198
javascript:;
https://orcid.org/0000-0003-4418-3366
javascript:;
https://orcid.org/0000-0001-7959-892X
javascript:;
https://orcid.org/0000-0002-6167-6149
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0001-7948-9619
javascript:;
https://orcid.org/0000-0001-9537-9698
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0003-1510-4921
javascript:;
https://orcid.org/0000-0002-7656-6882
javascript:;
https://orcid.org/0000-0001-5411-380X
javascript:;
javascript:;
https://orcid.org/0000-0002-2597-435X
javascript:;
https://orcid.org/0000-0003-4414-9918
javascript:;
https://orcid.org/0000-0002-4241-1428
javascript:;
https://orcid.org/0000-0003-1591-3358
javascript:;
https://orcid.org/0000-0002-5703-4469
javascript:;
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0002-8833-7438
javascript:;
https://orcid.org/0000-0003-0524-2925
javascript:;
javascript:;
https://orcid.org/0000-0003-2703-449X
javascript:;
https://orcid.org/0000-0001-6919-9570
javascript:;
https://orcid.org/0000-0002-6011-6190
javascript:;
https://orcid.org/0000-0002-7597-098X
javascript:;
https://orcid.org/0000-0002-0898-787X
javascript:;
https://orcid.org/0000-0002-2544-1596
javascript:;
https://orcid.org/0000-0002-1521-3397
javascript:;
https://doi.org/10.1063/5.0140766
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2130368&setID=592934&channelID=0&CID=781740&banID=521131522&PID=0&textadID=0&tc=1&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Fapl%22%5D&mt=1691534822960225&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fapl%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0140766%2F18009707%2F184101_1_5.0140766.pdf&hc=240be1f1adc1fcaa94b6eaf14bdb16bd436788d7&location=

Applied Physics Letters ARTICLE scitation.org/journalfapl

Searching for the causes of anomalous
Advanced LIGO noise

Cite as: Appl. Phys. Lett. 122, 184101 (2023); doi: 10.1063/5.0140766 @
Submitted: 30 December 2022 - Accepted: 23 March 2023 -
Published Online: 1 May 2023 View Onlne

®

CrossMark

B. K. Berger,"® () 1. S. Areeda,” (7) J. D. Barker,” A. Effler,” (%) E. Goetz,” () A. F. Helmling-Cornell,”

A. P. Lundgren,® (®) D. M. Macleod,” (® 3. Mclver,” (¥) R. Mittleman,® P. Nguyen,® A. Pele,” (%) H. Pham,” P. Rangnekar,'

K. Rink,'” (3 R. M. S. Schofield,” 3. R. Smith,” () S. Soni,” () 3. Warner," R. Abbott,” (©) R. X. Adhikari,”
S. Appert,” K. Arai,” (Y. Asali,”” () S. M. Aston,® A. M. Baer,”* M. Ball,” () S. W. Ballmer,"* S. Banagiri,”
L. Barsotti,” () J. Betzwieser,” () D. Bhattacharjee,'® () G. Billingsley,” () S. Biscans,®° C. D. Blair,>"”

A. Ananyeva,’
D. Barker,"
R. M. Blair,"

N. Bode,'®'? () P. Booker,'®'° R. Bork,? A. F. Brooks,’ (©) D. D. Brown,?° C. Cahillane," (%) X. Chen,"” A. A. Ciobanu,*°

F.Clara," C. M. Compton," S. J. Cooper,”' () K. R. Corley,'” () S. T. Countryman,'? (i) P. B. Covas,'®%*

D. C. Coyne,’

L. E. H. Datrier,>® D. Davis,’ (%) C. Di Fronzo,”” (%) K. L. Dooley,” () J. C. Driggers," () S. E. Dwyer,"" T. Etzel,” M. Evans,®
T. M. Evans,” J. Feicht,” A. Fernandez-Galiana,® (¥ P. Fritschel,® V. V. Frolov,” P. Fulda,”® M. Fyffe,® J. A. Giaime,**°
K. D. Giardina,® (%) P. Godwin,’ (¥) S. Gras,® C. Gray,"" R. Gray,”” () A. C. Green,”” () A. Gupta,’ () E. K. Gustafson,’

R. Gustafson,”® J. Hanks," J. Hanson,” R. K. Hasskew,” (%) M. C. Heintze,® N. A. Holland,”®*° (%) S. Kandhasamy,”'

S. Karki,”* (%) M. Kasprzack,” () K. Kawabe," () N. Kijbunchoo,” (%) P. 3. King,” (© J. S. Kissel," (%) Rahul Kumar,"

M. Landry," B. B. Lane,® M. Laxen,” () Y. K. Lecoeuche,” (%) 3. Leviton,”® J. Liu,"” () M. Lormand,” R. Macas,”
M. Maclnnis,® G. L. Mansell,""" () S. Marka,'” (®) Z. Marka,'” (®) D. V. Martynov,?' K. Mason,® (®) F. Matichard,*”

N. Mavalvala,® (%) R. McCarthy," ) D. E. McClelland,*® (%) S. McCormick,” L. McCuller,” (®) T. McRae,** G. Mendell,"

K. Merfeld,” E. L. Merilh,® F. Meylahn,'®'® (&) T. Mistry,** G. Moreno,"" C. M. Mow-Lowry,?**° (5 S. Mozzon,®
A. Mullavey,” (® T. 3. N. Nelson,” L. K. Nuttall,® (%) J. Oberling," {®) Richard J. Oram,” (®) C. Osthelder,’
D. J. Ottaway,”° (©) H. Overmier,” W. Parker,” (i)) E. Payne,” () R. Penhorwood,”®* C. J. Perez," M. Pirello,"

K. E. Ramirez,’ () . W. Richardson,*® (¥ K. Riles,” () N. A. Robertson,® J. G. Rollins,” (?) C. L. Romel,"" J. H. Romie,’

M. P. Ross,”” (%) K. Ryan,” T. Sadecki," E. J. Sanchez,’ L. E. Sanchez,’ T. R. Saravanan,®' R. L. Savage,”
R. Schnabel,>® () E. Schwartz,” () D. Sellers,” T. Shaffer,”" D. Sigg,” () B. 3. 3. Slagmolen,** (%) B. Sorazu,”*

K. Toland,”*
C.l1. Torrie,’ G. Traylor,® M. Tse,® () G. Vajente,” () G. Valdes,* () D. C. Vander-Hyde,'* P. J. Veitch,?°

A. P. Spencer,” (1 L. Sun,** () M. J. Szczepahczyk,”” (©) M. Thomas,” P. Thomas,"" K. A. Thorne,’

D. Schaetzl,®

G. Venugopalan,” () A. D. Viets,”” () C. Vorvick," () M. Wade,'® () R. L. Ward,*® B. Weaver,"" R. Weiss,® C. Whittle,®

B. Willke,'®'® () C. C. Wipf,° L. Xiao,” (%) H. Yamamoto,” (®) Hang Yu,? (%) Haocun Yu,*° (¥ L. Zhang,”

M. E. Zucker,?? (% and J. Zweizig®

AFFILIATIONS

IStanford University, Stanford, California 94305, USA

California State University Fullerton, Fullerton, California 92831, USA

*LIGO Livingston Observatory, Livingston, Louisiana 70754, USA

“University of British Columbia, Vancouver, British Columbia V6T 124, Canada
SUniversity of Oregon, Eugene, Oregon 97403, USA

®University of Portsmouth, Portsmouth POT 3FX, United Kingdom

“Cardiff University, Cardiff CF24 3AA, United Kingdom

8LIGO, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
°LIGO, California Institute of Technology, Pasadena, California 91125, USA
1°University of Texas, Austin, Texas 78712, USA

"LIGO Hanford Observatory, Richland, Washington 99352, USA

2Columbia University, New York, New York 10027, USA

*Christopher Newport University, Newport News, Virginia 23606, USA
“Syracuse University, Syracuse, New York 13244, USA

Appl. Phys. Lett. 122, 184101 (2023); doi: 10.1063/5.0140766
Published under an exclusive license by AIP Publishing

122, 184101-1

20:L¥:22 €202 Isnbny 80


https://doi.org/10.1063/5.0140766
https://doi.org/10.1063/5.0140766
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0140766
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0140766&domain=pdf&date_stamp=2023-05-01
https://orcid.org/0000-0002-4845-8737
https://orcid.org/0000-0003-0266-7936
https://orcid.org/0000-0001-8242-3944
https://orcid.org/0000-0003-2666-721X
https://orcid.org/0000-0002-7709-8638
https://orcid.org/0000-0002-7404-4845
https://orcid.org/0000-0002-0363-4469
https://orcid.org/0000-0002-1395-8694
https://orcid.org/0000-0003-0316-1355
https://orcid.org/0000-0002-1873-3769
https://orcid.org/0000-0002-1494-3494
https://orcid.org/0000-0003-0638-9670
https://orcid.org/0000-0003-3856-8534
https://orcid.org/0000-0003-1106-1178
https://orcid.org/0000-0002-5731-5076
https://orcid.org/0000-0001-8916-8915
https://orcid.org/0000-0002-8320-2198
https://orcid.org/0000-0001-5565-8027
https://orcid.org/0000-0001-7852-7484
https://orcid.org/0000-0001-9819-2562
https://orcid.org/0000-0003-1533-9229
https://orcid.org/0000-0001-6623-9506
https://orcid.org/0000-0002-4141-2744
https://orcid.org/0000-0003-4566-6888
https://orcid.org/0000-0002-7101-9396
https://orcid.org/0000-0003-4295-792X
https://orcid.org/0000-0002-3888-314X
https://orcid.org/0000-0001-8114-3596
https://orcid.org/0000-0002-9675-8873
https://orcid.org/0000-0003-0613-2760
https://orcid.org/0000-0002-1845-9309
https://orcid.org/0000-0002-6427-3222
https://orcid.org/0000-0001-5620-6751
https://orcid.org/0000-0002-2693-6769
https://orcid.org/0000-0002-1636-0233
https://orcid.org/0000-0002-6134-7628
https://orcid.org/0000-0001-8459-4499
https://orcid.org/0000-0002-8940-9261
https://orcid.org/0000-0002-3531-817X
https://orcid.org/0009-0006-8732-2302
https://orcid.org/0000-0002-7489-4751
https://orcid.org/0000-0002-5556-9873
https://orcid.org/0000-0002-6287-8746
https://orcid.org/0000-0002-1762-9644
https://orcid.org/0009-0006-2217-0395
https://orcid.org/0009-0002-7904-9212
https://orcid.org/0000-0003-1241-1264
https://orcid.org/0000-0002-4825-6764
https://orcid.org/0000-0001-9982-3661
https://orcid.org/0000-0003-4618-5939
https://orcid.org/0000-0001-5205-9109
https://orcid.org/0000-0002-2874-1228
https://orcid.org/0009-0008-2577-3161
https://orcid.org/0000-0002-1702-9577
https://orcid.org/0000-0001-7515-9639
https://orcid.org/0000-0002-9186-7034
https://orcid.org/0000-0001-6726-3268
https://orcid.org/0000-0002-6096-8297
https://orcid.org/0000-0003-4736-6678
https://orcid.org/0000-0002-3957-1324
https://orcid.org/0000-0003-1306-5260
https://orcid.org/0009-0007-4351-6380
https://orcid.org/0000-0001-8982-8418
https://orcid.org/0000-0003-0219-9706
https://orcid.org/0009-0000-6985-8054
https://orcid.org/0000-0001-6210-5842
https://orcid.org/0000-0003-0851-0593
https://orcid.org/0000-0002-9556-142X
https://orcid.org/0000-0002-0351-4555
https://orcid.org/0000-0002-8855-2509
https://orcid.org/0000-0002-8123-7338
https://orcid.org/0000-0002-8599-8791
https://orcid.org/0009-0001-4174-3973
https://orcid.org/0009-0003-7480-1054
https://orcid.org/0009-0006-1975-164X
https://orcid.org/0000-0001-6794-1591
https://orcid.org/0000-0002-7711-4423
https://orcid.org/0000-0003-4507-8373
https://orcid.org/0000-0002-2857-4642
https://orcid.org/0000-0003-2194-7669
https://orcid.org/0000-0002-1472-4806
https://orcid.org/0000-0002-6418-5812
https://orcid.org/0000-0002-9388-2799
https://orcid.org/0000-0002-8955-5269
https://orcid.org/0000-0003-3317-1036
https://orcid.org/0000-0003-2896-4218
https://orcid.org/0000-0001-8922-7794
https://orcid.org/0000-0003-4606-6526
https://orcid.org/0000-0002-2471-3828
https://orcid.org/0000-0002-6178-3198
https://orcid.org/0000-0003-4418-3366
https://orcid.org/0000-0001-7959-892X
https://orcid.org/0000-0002-6167-6149
https://orcid.org/0000-0001-7948-9619
https://orcid.org/0000-0001-9537-9698
https://orcid.org/0000-0003-1510-4921
https://orcid.org/0000-0002-7656-6882
https://orcid.org/0000-0001-5411-380X
https://orcid.org/0000-0002-2597-435X
https://orcid.org/0000-0003-4414-9918
https://orcid.org/0000-0002-4241-1428
https://orcid.org/0000-0003-1591-3358
https://orcid.org/0000-0002-5703-4469
https://orcid.org/0000-0002-8833-7438
https://orcid.org/0000-0003-0524-2925
https://orcid.org/0000-0003-2703-449X
https://orcid.org/0000-0001-6919-9570
https://orcid.org/0000-0002-6011-6190
https://orcid.org/0000-0002-7597-098X
https://orcid.org/0000-0002-0898-787X
https://orcid.org/0000-0002-2544-1596
https://orcid.org/0000-0002-1521-3397
https://scitation.org/journal/apl

Applied Physics Letters

SNorthwestern University, Evanston, lllinois 60208, USA
1®Kenyon College, Gambier, Ohio 43022, USA

ARTICLE scitation.org/journal/apl

70zGrav, University of Western Australia, Crawley, Western Australia 6009, Australia
®Max Planck Institute for Gravitational Physics (Albert Einstein Institute), D-30167 Hannover, Germany

°Leibniz Universitat Hannover, D-30167 Hannover, Germany

290zGrav, University of Adelaide, Adelaide, South Australia 5005, Australia

ZIUniversity of Birmingham, Birmingham B15 2TT, United Kingdom

22Universitat de les llles Balears, IAC3—IEEC, E-07122 Palma de Mallorca, Spain

Z3SUPA, University of Glasgow, Glasgow G12 8QQ, United Kingdom

Z4Université Libre de Bruxelles, Brussels 1050, Belgium
Z5University of Florida, Gainesville, Florida 32611, USA

?®Louisiana State University, Baton Rouge, Louisiana 70803, USA

?’Queen Mary University of London, London E14NS, United Kingdom

Z8University of Michigan, Ann Arbor, Michigan 48109, USA
2Nikhef, 1098 XG Amsterdam, Netherlands

*ONikhef, Department of Physics and Astronomy, Vrije Universiteit Amsterdam, 1081 HV Amsterdam, Netherlands
*lInter-University Centre for Astronomy and Astrophysics, Pune 411007, India

*2Missouri University of Science and Technology, Rolla, Missouri 65409, USA
330zGrav, Australian National University, Canberra, Australian Capital Territory 0200, Australia

**The University of Sheffield, Sheffield S10 2TN, United Kingdom

*3|llinois Institute of Technology, Chicago, Illinois 60616, USA

*®University of California, Riverside, Riverside, California 92521, USA

*7University of Washington, Seattle, Washington 98195, USA
*BUniversitat Hamburg, D-22761 Hamburg, Germany
*°Texas A&M University, College Station, Texas 77843, USA

“0CaRT, California Institute of Technology, Pasadena, California 91125, USA

Note: This paper is part of the APL Special Collection on Gravitational Wave Detectors.
2 Author to whom correspondence should be addressed: beverly.berger@ligo.org

ABSTRACT

Advanced LIGO and Advanced Virgo have detected gravitational waves from astronomical sources to open a new window on the Universe.
To explore this new realm requires an exquisite level of detector sensitivity, meaning that the much stronger signal from instrumental and
environmental noise must be rejected. Selected examples of unwanted noise in Advanced LIGO are presented. The initial focus is on how the
existence of this noise (characterized by particular frequencies or time intervals) was discovered. Then, a variety of methods are used to track
down the source of the noise, e.g., a fault within the instruments or coupling from an external source. The ultimate goal of this effort is to
mitigate the noise by either fixing equipment or by augmenting methods to suppress the coupling to the environment.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0140766

The Advanced LIGO instruments' at LIGO Hanford Observatory
(LHO) and LIGO Livingston Observatory (LLO) have opened a new
window on the Universe” and, with Advanced Virgo,” have initiated
the era of multi-messenger astronomy.” Each Advanced LIGO detector
is a kilometer-scale Michelson interferometer (IFO) enhanced by add-
ing mirrors to create Fabry—Pérot cavities in the arms. As described in
Ref. 1, gravitational waves (GWs) cause a potentially measurable phase
shift when the laser beam is recombined after separate passage through
the arms. Note that the arms define X and Y axes. The IFO mirrors are
the test masses that respond to GWs. The main IFO mirrors are located
both at the ends of the arms (end test masses ETMX at the X-end and
ETMY at the Y-end) and as inner test masses (ITMX and ITMY) in

the corner station (CS) near where the X and Y axes meet at the beam
splitter (BS). The Basic Symmetric Chambers (BSCs) hold the main
mirrors. Horizontal Access Module (HAM) vacuum chambers hold
additional instrumentation. The BSCs, HAMs, and the arms themselves
are maintained at ultra-high vacuum. Thousands of sensors (whose
output is recorded as channels) are used everywhere in the IFO and in
the nearby environment to monitor the detailed state of the system.
These GW detectors can sense displacements smaller than 1071® m
equivalent to the capability to measure a dimensionless gravitational-
wave (GW) strain smaller than 102!, As do many purpose-built scien-
tific instruments, the GW detectors operate close to their noise floor. A
primary goal of the collaborations using these instruments’ data is to
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lower the noise floor to increase sensitivity to astronomical signals.
However, this mode of operation near the noise floor causes a lack of
robustness in the sense that many transient or even long-term addi-
tional sources of noise will be easily detectable by the instruments and,
thus, could interfere with analysis of potential signals. Here, we refer to
such noise as anomalous in contrast to the overall noise floor, which is
composed primarily of known sources.”

In order to minimize the impact of noise above the nominal noise
floor, software tools have been developed to detect these extra noises
and to characterize their properties. When feasible, this is followed by
efforts to mitigate the noise to the extent possible by instrument
improvements or to remove it from the GW data via software. This
paper, building on Ref. 6, will review individual examples of such noise
and the tools used to determine their cause. Some of these examples
and methods are also discussed in Refs. 7-10 where more details may
be given. The focus here is on the Advanced LIGO instruments. For
Advanced Virgo detector characterization, see Refs. 11 and 12.

The detector characterization (DetChar) group acting remotely,
along with group members and LIGO Laboratory commissioners at
the LHO and LLO sites, monitors the instruments for newly appearing
noises or for the disappearance of previously troublesome noise.
DetChar also plays a crucial role in validation of events—i.e., distin-
guishing actual astrophysical GW signals from instrumental artifacts.
Candidate transient events are found by automated pipelines or work-
flows that search for matches to templates of potential signals,” excess
power in the GW time series,"* or longtime analysis of signals to iden-
tify single frequency sources'~ or stochastic, correlated noise.'®
However, instrumental noise (manifesting as brief glitches, extended
disturbances, or elevated noise in the GW channel) can mimic signals
or distort the estimation of astrophysical source parameters.”'”
Sophisticated tools exist, as described in the cited references, to flag
noisy times that may render true signals undetectable or to remove
sufficiently well understood noise artifacts from the data."®

In addition to an on-site control-room system to monitor behav-
ior of sensors at the LIGO detectors, the primary LIGO Scientific
Collaboration (LSC)-accessible tool for discovery and monitoring of
excess noise is the Summary Pages.'” Plots are provided on the
Summary Pages over the course of each day (separately at LHO and
LLO) to monitor both the calibrated strain channel in which GWs
appear and also auxiliary channels designed to record the state of the
instrument via detector and environmental sensors. While most con-
tent of the Summary Pages is reserved for collaboration members, a
feeling for their appearance and usage may be found on the website of
the Gravitational Wave Open Science Center (GWOSC).” For more
detail about public GW data, see Ref. 21. The collaborations use
(among other tools) Python-based GWPy for data analysis and plot-
ting.”” Those who do not wish to program can nonetheless construct
illustrative plots using the web-based LIGO Data Viewer Web
(LDVW).” So far, a public version of LDVW does not exist.

Other methods have also been used to find a source of noise. A
common test involves turning a suspected noise source off, e.g., via a
switch. If the noise then disappears and reappears when the switch is
turned back on, the source has been found. In order to assess the
impact of certain types of noise on the IFO, that noise can be deliber-
ately enhanced—e.g., by using a “shaker” against the ground or the
beamtube or by bringing a current-carrying coil near the IFO to pro-
duce a magnetic disturbance.'’ Following the impact of such
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intentional disturbances on various types of noise such as resonances
or signatures of light scattering from the main laser-beam path (which
can appear in GW-channel spectrograms as a series of concentric
arches””) can allow backtracking to determine how such disturbances
couple into the instruments. Another useful approach to tracking
down noise sources is to convert the time series of a channel showing
the noise of interest into a sound-file format. This takes advantage of
the overlap between LIGO’s most sensitive frequencies (20 Hz-2 kHz)
and the range of human hearing. For example, this approach identified
noise due to an errant phone in the laser enclosure.”* See Ref. 10 for
more details.

Note that finding the source of a particular noise manifestation
not only offers the opportunity to eliminate or mitigate it but also may
illuminate the nature of the unwanted coupling between the noisy
channel(s) and the GW channel. When operating, a GW detector con-
sists of a large number of optical cavities whose behavior is optimized
by a sophisticated control system. In a sense, this means that the entire
instrument is linked together so that a disturbance in the GW channel
could arise anywhere in the instrument. To deal with this problem,
thousands of sensors (e.g., photon detectors, seismometers, magneto-
meters, microphones, and thermometers) monitor as many parts of
the instrument as is feasible. Correlating noise in the GW channel with
the (mis)behavior of a sensor can be used to track down the cause.

The process of searching for the cause of LIGO instrumental
noise will be illustrated with examples. These have been chosen (a) to
represent both sites, (b) to illustrate differences in how the issue was
discovered, (c) to illustrate how different tools were used to character-
ize the noise, and (d) to indicate how the source of the problem was
identified. It is important to keep in mind that noise of the type dis-
cussed here cannot, in general, be understood algorithmically and may
be unique in the methods used to resolve it. The examples given
address anomalous noise whose cause was identified in the two most
recent “observing runs” (O2 from 30 November 2016 to 25 August
2017 and O3 from 1 April 2019 to 27 March 2020).

The first example concerns a 15 Hz spectral feature observed in
ground-motion sensors at the LLO Corner Station (CS). In early 2015,

Power spectrum HAM5 STS Z |

USUAL
i H Air handiers 1 and 2 OFF
- ! : 4 Alr chillors OFF
~———— Air handler 3 OFF
LVEA lights OFF
HEPI

10°

PSL chillers OFF (mechanical room)

N

Amplitude (m/Hz"?)

N L M B I AP A P
14.6 14.7 14.8 14.9 15 151 15.2 153 15.4 155
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*T0=24/02/2015 13:35:06 *Avg=25 BW=0.0117186

FIG. 1. Original 2015 on-off tests. The 15Hz feature remained as switched equip-
ment was sequentially turned on and off. The plot shows the spectrum of a seismic
sensor at HAMS that detects ground motion in the Z-direction. The feature of inter-
est lies between 15.0 and 15.1 Hz. The traces represent the usual behavior (red)
as well as one trace each for a time when an air handler, chiller, lights, or pumps
were separately turned off. The peak remained during all periods when a suspected
cause was turned off indicating that none of these systems was actually the cause.
Figure from Ref. 26.
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FIG. 2. Behavior of the 15 Hz feature during the on-off test of AHU4. This plot shows the output of a ground-motion sensor located near the inner test mass on the X-arm for
two hours starting on 2022-05-31 14:00 UTC in the frequency range 15-16 Hz. The color scale shows the amplitude spectral density. (1) The arrow points to the steady behav-
ior prior to the test. (2) The arrow points to the switch off time. The line disappears. (3) The arrow points to the switch-on time. (4) The arrow points to a wandering line that
appears at a slightly different frequency. (5) The arrow points to the resumption of steady behavior at a new frequency. The spectrogram is quite noisy because this test was
done during a period of detector improvement rather than an observing run. Figure from Ref. 28.

as Advanced LIGO was coming on line, a strong spectral feature was
noticed at the LLO CS™>*° (see Fig. 1). Its spectral frequency and width
suggested that the observed ground motion was caused by a vibration
produced by a fan or motor. The most effective technique to find the
source of such a feature is to turn off various fans and motors to see if it
disappears. Unfortunately, in this instance, none of these on-off tests
caused the feature to disappear. [Note that sensors monitoring fans and
motors (facility channels labeled by FMC) are digitized at a 16 Hz sam-
pling rate. This makes it impossible to use the spectra of these channels
to directly search for a resonance at the 15Hz frequency.] The feature
was first measured in seismometers but was also seen in accelerometers
and microphones” as well as in the GW channel. Since on-off tests in
2015 did not reveal the source and vibrations of most likely to be rele-
vant fans and motors were not informative, a different method was
required. The time series acquired by the sensors monitoring the fans
and motors could be used to search for an alignment in time of the sen-
sor with any change in the behavior of the feature. In fact the frequency
of the feature did depend on time. The frequency remained approxi-
mately (<0.1 Hz variation) constant over months but then transitioned
to a different frequency with the change in frequency of about 0.5 Hz. A
bisection search was used to zero in the time of the significant change:
28 January 2020 between 17:00 and 18:30 UTC. At this time, mainte-
nance was taking place with a focus on the pre-stabilized laser (PSL) air-
handling system. There appeared to be a correlation between the behav-
ior of the time series for the channels labeled by AHU3, which monitor
the PSL air-handling system, and the spectrograms of the ground
motion during the transition. This apparent correlation led to on-off
tests of fans and motors in AHU3. Unfortunately, the feature survived
all the tests meaning that none of these channels were connected to the
part of the system that caused the feature.”

Digging deeper into the FMC list of channels revealed an air-
handling system (AHU4) whose connection to the feature had never
been explored. This system controlled the heating, ventilation, and
air conditioning (HVAC) for the offices in the CS. In addition, dur-
ing the transition of the frequency, the feature seemed to disappear

(detailed studies could not find any evidence of it) only to return
after a few minutes. The sole accessible AHU4 channel was unique
among FMC channels in showing a correlation with the behavior dur-
ing the disappearance and reappearance of the feature. An on-off test
of this system showed (see Fig. 2) that AHU4 was indeed the source
of the resonance. See Ref. 28 for details. As this log entry shows, the
identification of this noise source via an on-off test revealed that the
same subsystem also caused a 7.5Hz resonance that was plaguing
control system developments leading up to the next observing run. It
is not that unusual for a fix aimed at a particular noise to also fix
additional issues. This problem has not yet been mitigated.

In another example, ravens at LHO revealed their presence via
noise in the GW channel. Over an extended period, the GW channel
showed noise at about 94 Hz at approximately the same time every
day. By checking the Summary Pages, it was possible to determine that
the noise was also seen in the microphone channel at the Y-end of the
IFO, suggesting a source in the vicinity of that part of the instrument.
In an aLIGO LLO Logbook entry describing this noise,”” it was recog-
nized as something previously noticed. Converting the acoustic signal
back to sound led to the recognition that the sounds were produced by
ravens. LHO is located in a desert environment where water sources
are precious. The visits by the ravens to LHO were motivated by the
condensation of water as ice near a liquid nitrogen feed pipe to an ion
trap. The ravens would peck at the nearest pipe to get the water, excit-
ing a resonance in the pipe at 94 Hz. This hypothesis was confirmed
via photographs of the culprits in action and simulations of the effect
by tapping the relevant pipe (see Fig. 3). This situation was noticed
during the second observing run O2 and was fixed prior to the third
observing run O3. Details of the remediation may be found in Ref. 10
describing how coupling to the GW channel via resonances in baffles
(physical blockers of scattered light) was mitigated by adding damping
and removing reflective components.

Early morning truck noise at LHO provided another example of
noise with an impact on the GW channel. As discussed in Ref. 8,
excess noise was noticed in the GW channel via a drop in binary
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FIG. 3. Simulated raven pecking confirms hypothesis. The two figures on the left display the suspected raven pecks as recorded in the Y-end microphone (top) and at 94 Hz in
the GW channel (bottom). The two figures on the right show the same thing but for imitation pecks caused by tapping on the pipe. Figure adapted from Ref. 29.

neutron star (BNS) inspiral range at LHO at approximately
05:00-06:00 local time on Monday through Thursday over an
extended period during O2. (The direct effect in, e.g, the spectrogram
of the GW channel was not very prominent, but the range drop was
obvious.) It was quickly realized that this noise corresponded to excess
ground motion at the CS. One of the roads in the area is located quite
close to the CS. LIGO cameras noticed that heavy trucks passed the
LIGO entrance on this road during this period on the relevant days.
This was confirmed to some extent when the occurrence of the ground
motion shifted by one hour in UTC corresponding to the change from
standard to daylight saving time and vice versa. An end of day local
time, excess ground motion was also present although somewhat
weaker—presumably as the trucks returned. See Fig. 4.

It turned out that the ground motion excited by the trucks cou-
pled to a 12 Hz mechanical resonance in a particular scattered light
baffle.”” At the end of 02, the baffle was modified to reduce the scat-
tered light that was causing the problem.”” While the excess ground
motion was still present during O3, the excess noise in the GW chan-
nel was not nor was the drop in the BNS range.

In another example, vibrations at 38 Hz seen during O3 were
traced to an air conditioner. In contrast to the office HVAC system at
LLO producing a spectral line, an air conditioner near the vacuum
chamber HAMS6 containing the GW channel readout system appar-
ently caused periodic disturbances. The Summary Pages clearly
showed this noise in the GW-channel spectrogram as is seen in Fig. 5.
Spectrograms for accelerometers in the major vacuum chambers are
also displayed on the Summary Pages. Careful inspection by eye
revealed the same pattern of noise at the same frequency for an accel-
erometer in HAM6. This was verified using LDVW to compare a

closeup of the respective channels (see Fig. 6 and Ref. 32). Strategic
placement of accelerometers around HAM6 allowed triangulation of
the location of the loudest noise to just outside the CS where a new air
conditioner had recently been installed. It is likely that the periodic dis-
turbances coupling to HAM6 and then to the GW channel were
causgd by that unit’s cooling fan turning on and off throughout the
day.”

Newly appearing 70 Hz glitches were found to be due to a cam-
era. As discussed in Ref. 34, new glitches were noticed at about 70 Hz

Ground motion (10 Hz-30 Hz)

2

Ground motion [nm/s]

0 2 4 6 8 10 12 14 16 18 20 22 24
Time [hours] from 2017-03-21 00:00:00 UTC (1174089618)

FIG. 4. The anomalous LHO ground motion due to trucks on the road past the cor-
ner station. This plot shows ground motion in the 10-30 Hz band as measured by
seismometers in the CS (black), at the X-end (orange), and at the Y-end (blue).
The arrows indicate this ground motion. Note that the peak of the centered arrow is
at about 12:30 UTC and that, on the date shown, daylight savings time (DST) is in
effect in the US. Ref. 20 may be used to demonstrate that, e.g., one month earlier
when DST is not in effect, the peak is shifted to about 13:30 UTC. Credit: LIGO, B.
Berger.
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FIG. 5. Discovery of 38 Hz periodic vibrations in the GW channel. This plot shows
a normalized, time-averaged spectrogram of the GW channel at LLO over the day
2020-01-14 in the frequency range 10Hz-5 KHz. The bar at the bottom is green
when the IFO is locked (all optical cavities in resonance) and red when it is not.
The color bar indicates that the median noise is yellow with above average ampli-
tudes in red and below average in blue. The arrows point to orange spots indicating
excess noise at about 38 Hz. See Ref. 33.

after a power outage at the Y-end at LLO. The glitches were separated
in time by almost precisely 2 min. Because their frequency range over-
lapped with human hearing, conversion of the glitch amplitude and
frequency to a sound file revealed that the glitches sounded like an
impulse followed by a hollow metallic thud. This description of the
sound was then used at the Y-end of the IFO to search for the source,
revealed to be the shutter of a camera being used to monitor laser light
scattering from the Y-end test-mass mirror. The camera had inadver-
tently got stuck in a 2-minute-interval shooting mode. When this
behavior was eliminated, the glitching stopped. The periodic glitching
is shown in Fig. 7.

As a final example, we mention a recently developed technique to
find the source of a 48 Hz feature at LHO. Application of a shaker to
the beam tube has been used for many years to excite a response in the
instrument to pinpoint the source of coupling near a particular fre-
quency (see Ref. 10). A variation of this method was used early in O3
to identify and mitigate a spectral feature at around 48 Hz that had
been noticed since before the start of the run. Two shakers are used in
different locations at slightly different frequencies. This sets up a beat
frequency that most strongly couples in a phase-coherent way to accel-
erometers located near the source of the problem. It was found that an
accelerometer near the vacuum chamber HAM3 containing the IFO
beam splitter responded most strongly to the shakers.”” Subsequent
investigation focused on that chamber. As described in Ref. 10, the
48 Hz feature was found to be caused by excess scattering from the
viewports of the HAM3 vacuum chamber. Blocking the viewports
with black glass eliminated the problem.

The following additional examples are discussed in some detail in
Ref. 6: (1) the squeezer wandering line appeared at LHO on 2019-04-
26 as a series of spectral features of continuously changing frequency
(between 40 and 300 Hz) in the GW channel. Precisely matching wan-
dering lines appeared in squeezer channels at the same times. (The
squeezer subsystem implemented frequency-independent squeezing
during O3 at both sites.”®) It was discovered that an element of the
squeezer subsystem designed to stabilize the amplitude of the laser
that provided the squeezed light called the “noise eater” was the cause
of this anomaly. Turning it off resolved the problem at both sites

ARTICLE scitation.org/journal/apl
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FIG. 6. Demonstration that 38 Hz noise was correlated with vibrations of the HAM6
vacuum chamber. The top image shows the GW strain while the lower shows an
accelerometer in HAMB. It may be interesting that a slightly lower frequency precur-
sor in the HAMG channel does not show up in the GW channel. See Refs. 32 and
33. Figure adapted from Ref. 32.

without impairing the effectiveness of the squeezing. (2) Whistles can
appear at either site. Their name comes from the frequency vs time
evolution in a spectrogram of a certain class of glitches. They arise in
the GW channel when the voltage control oscillator (VCO) is allowed

L1:PEM-EY_ACC_BEAMTUBE_MAN_Y_DQ [s-trend]

-1200 ~1000 -800 ~600 -400
seconds from Thu Apr 25 2019 08:06 UTC

FIG. 7. Time series of 70 Hz glitches. This time series shows the 2-min separation
of the glitches created by the camera at the Y-end. The horizontal axis represents
time and the vertical arbitrary amplitude units. Figure from Ref. 34.
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to vary in an operating-frequency range polluted with undesirable
radio frequency artifacts. When the VCO frequency crosses the fre-
quency of one of these features, it generates beats in the LIGO sensitive
frequency band. Adjusting the VCO frequency causes these glitches to
disappear. However, they often return requiring a new VCO fre-
quency. Because whistles interfere with some GW detection pipelines,
any reappearance is carefully monitored. (3) Another example was
reaction chain (RC) tracking as described in Ref. 37 (where it is called
RO tracking). It was first implemented at LHO where it dramatically
reduced strong excess scattering glitching due to the peak in the
microseism (ground motion in the 0.1-0.3 Hz band typically generated
by ocean waves). The tracking refers to an extra layer of control used
on the suspensions for the end test masses to minimize motion
between the test mass and reaction mass. RC tracking was then imple-
mented at LLO. Details may be found in Ref. 9.

We have provided some examples of how LIGO instrumental
noise is discovered and investigated. In many cases, like the examples
discussed here, the likely cause has been identified. A variety of meth-
ods have been used including anomalous behavior at certain times,
corresponding features on the Summary Pages, listening to the sound
file produced by conversion of a spectrogram, and purposely exciting
the coupling to a resonance. While in principle, the known cause of
disturbances should be mitigated, it is not always practical to fix things
immediately. Of course, fixing noise problems that have a negative
impact on searches of the data for signals and determining the proper-
ties of such signals have the highest priority. The next observation run,
04, is expected to begin soon. It is likely that new categories of anoma-
lous noise will appear and possible that noise of the types discussed
here will reappear.
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