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Abstract
We describehework of detectionandidenti cation of frequeng linesin the Virgo darkfringe datafrom run C7.
Amongthetopicsof this notewe highlight: (i) thenew list of line candidate$rom the pulsarssearchanalysisfii)
investigationof the 10 Hz harmonics{iii) violin modesyiv) noisefrom the NE andWE buildings' air conditionersjv)
sidebandsn calibrationlines; (vi) aliasingnoisein the4kHz reconstructedlata.
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1 Intr oduction

In this notewe describeour work on the detectionandinvestigatiorof the origin of the frequeng linesin theVirgo dark
fringe datafrom run C7. A numberof dataanalysistechniquesand experimentalmethods(in the laboratory)we used
to identify andcharacterizehesenoiselines. We initially generated rst selectionof frequeng lines usingthe search
algorithmdescribedn referencd1] (Section2). Line candidateslsocomeasthe by-productof the analysispipeline of
theperiodicsignalsearche§PSS)performedby theVirgo pulsarsearctgroup.We discusghisnew line catalogn Section
2 andcomparethe resultswith the outcomeof the rst searchmethod.We alsouseda newly implementedcatalogueof
ervironmentalcoherence$3] andthe multi-coherencedool [9] to investigatefor the origin of ervironmentallines. We
searchedor a matchbetweenour line candidatesnd large coherencesalueswith ernvironmentalchannelgSection3).
Thenwe huntedfor the sourcesf theselinesby suneying the experimentahallswith portablemeasuremergquipment
(spectrumanalyzer accelerometetall probe,microphone).We identi ed somelines asoriginatingfrom the WE and
NE air conditioning;we alsofoundthe sourceof the 10 Hz noiseline (Sectiong). Otherlinesthatwereidenti ed include:
mirror modesandviolin modesof mirror wires (Section7, includesa measuremerntdf ring-dowvn decaytime), sidebands
of calibrationlines (Sectiord), andlinesdueto theresidualaliasingin the 4kHz down-samplediata(Section8).

2 Linesfromthe search algorithm

We producednepreliminarylist of persistenfrequeng peakq"lines") by applyingtheline searchalgorithmdescribedn
referencdl] to thedarkfringe photodiodesignal(channePr_B1_ ACp). We processethecompletedatasebf C7 science
modedata(about100 hours)by requiring the quality ag Qc_Moni_ScienceMod® be one. We usedthe algorithm
parametersSNRthreshold=5FFT resolution ; = 1=13:107%"' 0:07H z, 18 (nonoverlapping)averagesThespectral
backgroundvasestimatedisingatiling of the frequeng axis of dyadictype,with parameterlb=8, Nn=64,Ng=32".

The outputof the algorithmover the entire C7 sciencemodedatasetfapproximatelyl10 hours)consistsof 61516fre-
gueny peaks.Fromthis mapof time-frequenyg datapointswe extracteda list of 70 linesby doingthefollowing:

1. Remore 50 Hz harmonics(the n™ harmonicis identi ed asthe groupof pointswithin the frequeng window of
width n ¢ aroundthefrequeng valuen 50);

2. Select'persistent'frequenciesexisting for atleast3% of total time;

3. Merge frequenciesn nearbyconsecutie frequeng bins, thenassignto the candidatdine the averagefrequeny
valueandaline widthequalto ; timesthenumberof memedlines.

Theselinesarelistedin Table Al (Appendix). Somefrequenciesareknown from previousinvestigationssuchasthose

from the vacuumpumps[15] andmirror thermalmodeg[13]. In the following Sections3 to 8, we describethe work of
identifyingtheorigin of the still unknovnlines. In Section3 we alsocommenibn homogeneougroupsof detectedines.

3 Lines fromthe pulsars search

Having identi ed mostlinesin TableAl, we lookedfor a morecomprehensielist of lines. A list of persistenaandhigh
resolutionfrequeny peakscomesalmostfor free from the searchfor periodicGW signalsfrom pulsars[2]. The pulsar

1Thealgorithworksin thefrequeny domainandproceedein threesteps:1) computesheamplitudespecturrof thedarkfringe photodiodechannel
(Pr_B1 AC q) andsubdvidesthefrequeng axisin N}, intenals of (minimum)lenghtNp (datapoints);2) in eachinternal makesalinear t of the
datapoints,excludingthe N ¢ pointswith the largesamplitude:this t estimateshe backgroundspectralnoise;3) nally, within eachintenal selects
datapointswhich exceedsn amplitudethe backgroundy morethanSNRtimes: thesearethe candidatdines. Two typesof tiling of thefrequeng axis
arede ned: if Nn N < N=2 (N = numberof FFT points)thetiling is dyadicfor which the size of theintenal increasesvith frequeng (he smallest
intenal beingof sizeNy ); if Nn N = N=2 thefreqeuny axisis tiled uniformly (all intenals have sizeNp, ).
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Figure 2: Numberof frequeng peaksdetectedby the line searchalgorithmin C7 dark fringe as function of time. In red: after

removing all 50Hzmultiples.



Serialn. | Frequeng (Hz) | N. recurrencies

1 353.00 944
2 103.00 776
3 357.00 698
4 107.00 669
5 667.78 625
6 336.96 577
7 334.12 570
8 333.89 566
9 333.99 563
10 670.33 561
11 667.97 561
12 667.75 558
13 1001.69 548
14 334.55 547
15 669.21 545
16 334.46 544
17 667.85 538
18 337.14 538
19 333.31 535

Tablel: Thetwentymostpersistenfrequenyg peaksfrom the PSSlist. Thethird columnlists the numberof FFTsin which the peak
appearsasexplainedabove. Thecompletdist canbefoundathttp : ==wwwcascina:vir go:inf n:it=D ataAnal ysis=N oise=doc=
C7=Lines=sergio_f rasca peaks:dat).

searchgroupsetup ananalysisprocedureo searchfor periodicsignals(PSS)in the Virgo strainsensitvity channel.As
describedn referencg?2], the PSSanalysispipeline rst performsa datacleaning,identifying andremaoving transient
time domaindisturbancesThenit producescollectionsof FFTsof variouslengthsover the entiresciencemodedataset.
The subsequergtepconsistdn the adaptie searchHor frequeng peaksin thesespectra.To dothisthey computeanauto
regressie averagespectrumwhich givesa goodestimateof the spectrabackgrounchoise;they thentake theratio of the
FFT to theaveragespectrumandselectthe datathatexceedsa giventhresholdSNR.

Theresultsthatthe PSSgroupprovideduswith containghelist of frequeng peaksandtheir signi cance,i.e. thenumber
of FFTscontainingthat peak(notethat a peakwhich exists only for a fraction of the total time hasa low signi cance
number).The rst 20 peaksprderedby decreasingigni cance,arelistedin Tablel. Thesedatawereproducedisingthe

C7 strainreconstructedhannetown-sampledo 4kHz (hrec_4kHandanFFTresolutionof Ty ingow =1048.6944194314
datapointsat 20kHz) overthe frequeny range0 to 2000Hz. This wassufcient for our purposes.

We stresghat PSSalsoproducedataset®f frequeny peaksfrom higherresolutionFFTs. Presentlythreedatasetsre
generatedTyingow =4000sandf nax =500Hz, Tyindow =8000sandf max =125Hz, Tyindow =16000sandf nax =31.25Hz.
Thesecouldbe usedto probelinesof decreasingntensity The PSSpeakdist includesall of thelinesgivenin TableAl,

plus mary morethatemegedfrom backgrounchoisebecausef the higherresolutionused. In particular Figure 3 has
a plot of the valuesof PSSlist between0 and3 Hz; thesearelikely resonantmodesof the mirror suspensionsThis is

discussedn Section4 below.

In Figure4 we plot the valuesof PSSlist betweerb and50 Hz. Most of thesefrequeng peaksaregeneratedy electro-
mechanicaldevices. In Section5 we describethe work on the identi cation of theselines. In summary the lines we

identi ed in the PSSlist belongto sesencateyories,which we describan moredetailin thefollowing sections:

1. oscillationmodesof the superattenuator¢Sectiond);
2. sidebandsf calibrationlines (Sectiord);

3. ervironmentallines(Sections and6);
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Figure 3: Very low frequeng peaks(0 to 3Hz) from the periodic signalssearchanalysis(on the vertical axis is the numberof
recurrencef theentireC7 hrec_4kHzchannel)
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Figure4: Low frequeny peaks(5 to 50 Hz) from the periodicsignalssearchanalysigontheverticalaxisis thenumberof recurrences
in theentireC7 hrec_4kHzchannel).

4. 10Hz andharmonicgSections and13, seealsoreferencd4]);
5. thermallyexcitedmodesof the mirror mass(Section?);
6. violin modesof mirrors' wires(Section7);

7. aliasedines(Section8).

4 SA modesand sidebandsof calibration lines

Very low frequeng peaks(up to 3.2 Hz, seeFigure 3) areoscillationsof the mirrors at the frequeng of the mechanical
modesof the mirror suspensionsTable? lists thesefrequenciesasgivenin the PSSlist. Theidenti cation of themode
is doneusingtheinformationcontainedn referencd8] wherethemechanicatransferfunctionof the NE suspensiomwas
comparedo its SIESTA simulation.

Thecoherencanalysisdescribedn Section5 belaw, revealedthatthesepeakshave large coherencevith verticalseismic

signals(Figure5), meaningthatthey aremostly excited by verticalgroundmotion. Whathappenss thatthereis vertical
motionof thetowers' IP stagewhichis notactively dampedasthehorizontaloneis), which thenexcites,by mechanical



Freq(Hz) SAresonanmode

0.451 z-Tx mode
0.479 zmode
0.545 zmode
0.579 zmode
0.623 zmode
0.796 zmode
0.846 Ty mode

1.168 Ty mode(MIRROR+RMvs MARIO)
1.202 Ty mode(MIRROR+RMvs MARIO)
1.752 Tx mode(MIRROR oppositeto RM)
1.785 Tx mode(MIRORR oppositeto RM)
3.197 Tx mode(M IRROR+RMvs MARIO)
3.208 Tx mode(MIRROR+RMyvs MARIO)

Table2: Linesfrom the PSSlist which correspondo modesof the SuperAttenuators The assignmenis doneaccordingto the study
in referencq8].

coupling,horizontaldegreesof freedomat thelevel of Iter 7. This effectwill be curedby theimplementatiorof active
verticaldampingon all towers.

Thegroupof linesbetweenl109and1112Hz in PSSlist (TableAl) arealsorelatedto SuperAttenuatormodes.Figure
6 shaws the amazingstructureof peaks(obtainedusing200sresolution)aroundthe 1111Hz line. The1111Hz line is
a calibrationline that modulateshe laserfrequeng. Onegoal of this line is to measureghe modecleanermodulation
frequeng error. With this line onecanmeasurghe commonmodenoiselevel in the dark fringe; laserfrequeng noise
is onesuchnoise.If amirror tilts thenthefringe contrastdecreasesandconsequentlyhe commonmodenoisecoupling
increases.This lack of control of the mirrorsis a sourceof mary typesof noise,including the obsened burst of bursts
(BOBSs)[6, 7].

The factthatthis structureis symmetricaroundthe 1111 Hz line suggestshatit is dueto amplitudemodulationof the
central1111Hz line. We noticedthat valuesof modulationfrequenciegi.e. the distanceof peaksfrom the centralline)
aretypical of SuperAttenuatormodes.Anotherhint asto the sourceof the noiseis the similar structureof the 1111Hz
sidebandsindthoseof thelow frequengy componenbf thealignmentsignals(Ty), whichis shavn in Figure?.

In orderto testthe modulationhypothesiswe took a simple sinusoidalsignal at 1111Hzand modulatedit with the
alignmenterror (Sc_*_tyGg signals,thenwe computedthe coherencéetweerthe obtainedsignalsandthe dark fringe
signal. Figure 8 shaws the result. Somecoherenceas found with all alignmentsignalsover a 5 Hz band;the largest
coherencés with the signalmeasuringhe NE Ty mirror position.

As part of the same“puzzle” we noticed sidebandswith a similar structure(and coherencepattern)also aroundthe
calibrationlinesat353,355and357Hz, andaswell aroundthe narrav andintensdine at 3050Hz, asshovn in Figure9.
(Theseadditionalsidebandsirenotin TableAl, but they arein the PSSlist which hashigherresolution).All theseines
have thecommonfeatureto bevery narrav andstationary

The full understandingvas provided by the outputplots producedby the NonStatMonimonitor [5]. 2Onesuchplot is
reproducedn Figure 10. It revealsthat the dark fringe signalwas modulatedwith residualmirror angularmotion at
low frequencie®ver mostof its bandwidth.As a consequencthe low frequeng angulamoisecouplesto every intense
spectraline in the darkfringe whichis narrav andstationary(suchascalibrationlines); this increaseshe spectrahnoise
nearby Thecommissioningplanis to increaseghelow frequeng gainof alignmentcontrolloopsandthusreducemirrors
slow angularoscillationin futureruns.

2The NonStatMonprogrammonitorsthe non stationarityof the darkfringe signalandalignmentsignalsin differentfrequeng bands.Thisis done
by rst computingbandlimited RMS of thedataat giventime steps(10s,100s,...), thenlooking at the spectralcompositionof the RMS time seriesand
eventuallycomputingcoherencebetweerdifferentRMS series.
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Figure5: Contritutionsto the C7 dark fringe photodiodeof horizontal(green)andvertical (red) groundseismicmotion measuredit
differentbuildings: square=centratriangle=NE,circle=WE, cross=MC.Coloredpointsarethe projectionof the coherencento the
darkfringe spectrumfor frequenciestwhich coherencés greaterthan0.4.

5 Linesidenti cation with coherenceand multi-coherencetools

A necessargtepfor theidenti cation of linesoriginatingfrom electro-mechanicalevicesin the laboratoryis to search
for matchedcoherencebetweernthedarkfringe andsignalsfrom our environmentalmonitoringinstrumentsaccelerom-
eters,microphonesand magnetometersSucha searchwas performed(since C6) by a programtool that computeshe

coherencan 130snon overlappingsetsof dataof the dark fringe photodiodePr_B1 ACp (i.e. 7.7mHzresolution)
averagedover the entiresciencemodedatasegments. The programdetectsrequeny peaksabove a cutoff valuecorre-

spondingto 2.5 standardieviationsabore the meancoherencén the frequeny bandof interestandwith awidth larger

than0.1 Hz. Plotsof coherencesndlists orderedby environmentalsensorchannelor by frequeng are postedon the

web (http : ==wwwecascina:vir go:inf n:it=D ataAnal ysis=N oise=doc=C=coherencewebpag=atal ogue:html).

Figurell1 shavs asamplecoherencelot. In Table3 is thelist of foundmatches.

The computationof multi-coherences necessaryn orderto measurecorrectlyanddisentanglehe contritution of one

referencesignal (i.e. the dark fringe) from the noise measuredy several differentauxiliary channels(i.e. environ-

mentalsensors).This tool is presentn the NAP library[9]. It properlyaccountsor correlationsamongchannelsand

givesasoutputthe disentangledoisecontritutions andthe referencesignalwith the noiseremoved. We performeda

multi-coherenceanalysisof the magneticnoisein the C7 dark fringe signal (the completesetof plots canbe found at

http://wwwcascina.vgo.infn.it/DataAnalysis/Noise/doc/C7/igadicNoise)

Several noiselines andstructureshave beendetectedamongwhich a strong10 Hz line andits higherorderharmonics.
The analysisindicatesa strongcoherencevith magneticchannelsin the centralbuilding, suggestinga sourcelocated
there. Figure 12 showvs the measureatontritutionsfrom magneticnoisemeasuredy all magnetometechannels. The
culprit was thenidenti ed as electromagneticoise emittedfrom digitization boardsfor the digital cameraghat are
locatedin the dataacquisitionroom (moredetailsin Section6 below). For athoroughanalysisof 10 Hz harmonicsand
how they affectedthe PSSanalysisof C7 dataseedocument4]. In Figure13 we shav anotherinterestingresultof the
multi-coherenceanalysisappliedto magneticchannelsthe coherencavith magneticchannelss sufcient to completely
remove of 50 Hz line from thedarkfringe.
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Figure6: Spectralinesaround1111Hz. Peaksarelocatedsymmetricallywith respecto the 1111Hz. Major onesareat +- 0.0405
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frequeny [Hz] | SNR | width [Hz] | Matchin coherenceataloguerlose(?) or exact(!)
20.14 486 0.01 () seismometerandmicrophoneVE
192.13 449 <0.01 () seismometerandmagnetometer€E
42.09 399 0.02 (1) magnetometerlE
16.63 376 0.1 (?) seismometerandmicrophoneMC at16.69Hz
38.4 360 <0.01 (?) Em_SEDBWEOt38.22Hz, Em_ACBDNEO1at38.24Hz, Em_SEDBNEOt38.275Hz
6.88 326 <0.01 (?) Em_MABDNEO2at6.614Hz
14.8 187 0.01 (?) Em_ACLALLO1 at14.69Hz
25.58 185 0.01 () magnetometerE
19.29 121 0.03 (1) magnetometerlE
19.43 67 0.01 () magnetometerd/E
25.02 114 0.02 (?) Em_SEBDMC0125.1740.37053
31.89 106 0.05 (1) acousticandseismicNE
33.75 88 0.02 (?) Em_SEDBNEO%t 33.716Hz andEm_ACBDNEO1at 33.727Hz
21.26 67 0.03 (") acousticandseismicNE
31.52 63 0.01 () acousticandseismicWE
43.86 67 0.03 (?) Em_SETOPRO01at42.873Hz
32.89 33 0.03 () seismometersVE
46.76 29 0.01 () seismometerandmicrophonesn CE, includinglaserlabanddet.lab

Table3: Matchesbetweerthe darkfringe linesfrom PSSandpeaksthatwerefoundwith the environmentalcoherenceatalogue.



Figure 9: Sidebandsn Pr_B1_ACp aroundintenseand narrav lines at 1111 Hz (calibration),357 Hz (calibration)and 3050 Hz
(unknawn).

Figure10: Spectrakcompositionof bandlimited RMS of Pr-B1-ACp signals(this plot is automaticallyproducedby NonStatMor)i
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Figure 11: Samplecoherenceplot from the ErvironmentalCoheenceCatalague This coherencexamplewas calculatecbetween
channel®r_B1_ACpandEm_SEBDCEOL.

6 Experimental search of line sources

Using asa guidelineour list of matcheswith the ervironmentalcoherencecatalogugTable 3) we went huntingin the
laboratoryfor the sourcesof the line noise. Our portableequipmentconsistef: oneaccelerometefpiezoaccelerom-
eter model 393B12by PCB with 0.1Hzto 4kHz bandwidth,and sensitvity 10*mV/g), one microphone(CEL-231by
Casella,10 Hz to 25 kHz bandwidth,dynamicrange30 to 135 dB, 1dB accurag), one magneticprobe (tri-axial Hall
effect sensoiby Honeywell model[HMC2003,spectrakensitvity 40 Gaussover 1kHz bandwidth,expectednoise oor
4nT/ 1006=0.13nT)and one spectrumanalyzer(OnosokkiCF 6400) usedfor datareadout. Below we describethe
severalmeasurementserformed.

6.1 Turbo pump coolingfans

Two “horns” at about45 Hz appearedn the C7 dark fringe data(Figure 14-top),andare particularlyintenseduring the
rst 25hoursof therun. They have stronga coherencevith seismicsensorsnsideandaroundthelaserlaboratory(Figure
14-bottom).Onthe otherhand,the coherenceavith acousticsensorss negligible.

During the run on the morningof Septembef8th 2005,asa test,all turbo pumpswere switchedoff in rapid sequence.
Thehornspromptlyandcompletelydisappeareffom the darkfringe signalin correspondenceith theturn off of the B
tower's turbopump.

Throughour measurements thelaboratorywe discoveredthatthe sourceof this noisearethetwo little coolingfanson

theturbopumpenclosure The small differencein rotationspeedof the two fansaccountdor the two slightly displaced
spectralpeaks.In Table5 we provide the measureaignaturefrequencief the coolingfansfor all turbo pumpsin the

centralbuilding. For this measurememe placedthe portableseismometenpontheturbopumpvessel At thesametime

we measureaho magnetionoise,nor ary signi cant acousticnoiseproducedat thesefrequencies.

Figurel4 shavs anotherinterestingfeature the presencef thehornsin thedarkfringe signalwerereducedn amplitude
in correspondencwith the (manual)tuning of the lasermodulationfrequeng to matchthe modecleanercavity length.
Also shawvn in Figurel14is thatthereis additionaldarkfringe noisein the 35-50Hz region aroundthe horns,which have

11



Figure12: The 10Hzline andits harmonicsn thedarkfringe andthe measureaontriutionsfrom magnetianoise(2 plots).
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Figure13: Magneticnoisecontrikutionsto the 50 Hz line in the darkfringe signalmeasuredby all our magneticchannels.

| SA tower || Frequeng andamplitudeof rst horn | seconchorn | rotor speedHz] |
PR 45.01Hz 31.36mV 45.37Hz 45.78mV | 600.7-600.844z 270-310mV
BS 45.0Hz 15.73mV 45.57Hz 26.21mV 600.7-600.84z 450-480mV
Wi 45.14Hz 32.41Hz 45.3Hz 16.46mV 600.6-600.8Hz 170-200mV
DE 44.7Hz 1.6 mV 48.22Hz 2.5mV 600.7-600.84z 390-400mV
SR 45.19Hz 28.6mV 45.35Hz 23.03mV 601.4-601.34z 0.9-1.0V
1B 45.22Hz 45.42Hz 601.5Hz
NI pumpwasoff attime of measurements

Table4: Frequeng andamplitudeof the mostintenseseismicpeaksfrom turbo pumpsin the centralbuilding: the two cooling fans,
andthe pumprotor. Measurementweretakenwith a portableaccelerometeplacedupontheturbopumpmetallicenclosure.

similar characteristicasthe horns;it is coherentwith the sameseismicchannelsandit reduceswith the tuning of the
modulationfrequeng. Anothercommonfeatureof this noiseandthe hornsis the strongcoherenceavith theangulamoise
of theIMC cavity opticalaxis,mainlyalong y d.o.f. We suspecthis additionalnoiseto be produceddy othermechanical
devicesinsideandaroundthelaserlaboratory

We donothave aclearunderstandingf the pathby whichthis turbopumpnoiseentershedarkfringe, but onepossibility
is the following: asdescribedn Ref. [10], a mismatchbetweerthe modulationfrequeny andIMC lengthcausedMC
longitudinalnoise(mainly IB resonancedp coupleinto the ITF sensitvity throughthe BS controlloop. Seismicnoisein
the laserlaboratory andvibrationsof the externaloptical bench,producsjitter of the laserbeamenteringthe IMC. This
is IMC angulamoisethatcanthencorwvertinto longitudinalnoisein the presencef anoffsetof the opticalaxis.

6.2 Hunting the line sources
Thelist of frequeng peaksfrom the ervironmentalcoherenceataloguanatchingwith PSSlines(Table3) gave usclues

asto thelocationandtype of the noisesource. Using this information,we performedmeasurementsn the magnetic,
seismic,and acousticnoiseemissionsdy the air conditionersand other major noisesourcesn the DAQ room, andthe

13



Figure14: The hornsatabout45 Hz andnearbynoisein C7 darkfringe photodiodeat varioustimesduringthe run: (top) darkfringe
photodiodespectrum{bottom)darkfringe coherencavith anaccelerometeon the externalinjection bench.The plots shav how the
hornsdisappeawheniB turbopumpis switchedoff after50" hour Thetop plot shavs thattheamplitudeof thenearbynoiseincreases
with thedetuningof themodulationfrequeny. Thenoiseis coherentvith seismicnoisein andaroundthelaserlaboratory
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Air ConditioningNE |

n

Frequeng[Hz] | microphonePascal= (Hz)] | accelerometeonthebench[m=s2=(H z)]
19.2 7.3e-003 9.7e-005
20.3 1.3e-002 notseen
31.6 3.0e-002 6.1e-004
33.6 1.7e-002 2.8e-004
52.7 3.0e-002 2.2e-004
57.5 1.9e-004 notseen

Air ConditioningWE
9.12 0.0145 notseen
19.44 0.0086 0.00019
31.70 notseen 0.00022broadpeak
33.06 notseen 0.00031broadpeak
38.87 0.0074 0.00014
54.96 0.013 0.00095
58.32 0.0069 0.00041
73.28 0.010 notseen
77.7545 0.0369 0.00078155

Table5: Themostintenseinesfrom the NE andWE air conditioning. All lines have spectralwidth of about0.1 Hz, andareseento
drift in time by about  0.3Hz. Thetime resolutionsusedfor the FFTsusedin thesemeasurementsere81 s for the microphoneand
13 sfor theaccelerometer

North andWestexperimentahalls.

Figures15 to 17 compareacousticspectrarecordedwith air conditioningon and off. Table5 lists the mostintense
frequeng lines producedby the air conditioningin the WE andNE buildings. Someof thesenoiselineswerefoundin
the C7 darkfringe signal(seeTableAl).

We investigatedhe possiblecoupling of the air conditionernoiseto the terminal optical benches.We probedthe air
conditioningnoisewith the accelerometeand microphonedeployedin differentlocationsinsidethe NE hall (usingthe
31.7Hz line asreference).We measuredhe mostintensenoise(31.7 Hz line amplitude)at the tubelinking the bench
enclosureo the NE tower. We alsofoundthat,while acousticnoiseis the sameeverywhere seismicnoiseis strongeron
the benchandon top of the benchenclosurehanit is onthe oor aroundthe benchor at the benchsupport;seeFigure
18). Thus,we suspecthatthe major couplingof the air conditioningnoiseto the benchis not seismic(i.e throughtable
legs) but acoustid(i.e. air pressuranoiseshakingopticson the benchandpossiblyalsothelink tube). A possiblepathto
thedarkfringe is throughdiffusedlight, whichis re injectedinto theinterferometeafterbeingscatteredy someoptical
componenbnthebenchasexplainedin Ref. [11].

Searchinghecentralbuilding for strong10Hz magneticemissionavith our portablemagnetigprobewe foundthesource
of the10Hz harmonicdo betheboardsin racknumber56in the DAQ room. Theseboardseceve theanalogsignalfrom
thecamerasandsubsequentldigitize them. To do sothey senda 10 Hz timing signalto digital camerad5to 19.

While searchindgor the 10 Hz noisesourcewe alsodiscoveredthe sourceof a 10.1Hz noiseline. Althoughnotaffecting

ITF sensitvity, this noiseline is quiteintensean the centralbuilding magneticsensorsThis 10.1Hz noiseis generatedy

the DAQ roomair conditioningmachinethatis locatedinsidethe room. It is actuallyquite surprisinghow this magnetic
line (its magneticnatureis alsocon rmed by the factit is narrov andvery stationary)canbe generated.However, its

origin is con rmed by its disappearanci& correspondence air conditioningswitch off (Figure19).
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Figure 15: The reductionof acoustic(right) and seismic(left) noiseconsequento the switch off of the air conditioningin the NE
building.

Figure16: Identi cation of linesfrom the WE air conditioning. Theseweredeterminecby comparingseismicspectraecordedwith
theair conditioningdevice off andon.
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Figurel7: Acousticnoisereductionin the MC building consequento theturn off of thetwo air conditioningunits, UTAL andUTA2.

Figure18: Seismicnoiseon the groundandon the NE externalopticalbench.
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Figurel9: Spectrogramshaving thedisappearancef a10.1Hz line, andits harmonicgleft andmiddleplot), from themagnetometer
signalin the centralbuilding (locatedon the balcory above the DAQ room)in correspondenceith theturn off of the DAQ roomair
conditioningunit. Theright plot shavs anassociatedpurioudine in oneof the seismometechannels.

7 Mirr or and violin modes

At leasteightof theresonanmodesof thelargemirrorshave beenidenti ed from thelinesobsenedby thePSStheseare
theNE, WE, NI andWI butter y (about3885and3917Hz) anddrum (about5545and5584Hz) modeg(seeFigure20).
Thesevaluescorrespondo the theoreticalprediction[13]. A variationof few hundredsof Hz of the modefrequeng is
obseredduring C7 andcanbe associatedio a changen the mirror temperaturelueto temperaturehangesn thetower
ovens.Theidenti ed line at 7724Hz resembles Lorentzianpeak(Figure20). It is candidatdor beingtheinternalmode
(0,1) (drum) of the BS mirror. Thetheoreticabredictionfor this modeis 7740Hz [13].

Thegroupof linesin therange330-340Hzarethe fundamentaliolin modesof the four wires suspendinghe NE, WE,

NI, WI mirrors,which arethermallyexcited (Figure21). Theseare,in fact, predictedto be at about320Hz[12]. In the
PSSlist, with 1000s time resolutionwe identi ed 28 distinctpeaks Actually, we expect32 distinctfundamentaimodes.
This is becauseavires tensioncannotbe perfectlyequalizedandz-x degenerag is actuallyremovedsincethe wires are
clampedto nite massbodieswith not-diagonamomentof inertia(i.e. 1, 6 0). Highermodesupto the4" order, are
detectedby theline searchprogramgalsoshovn Figure21). Figure22 shawvs thatthe higherordermodesarenot exact
multiples of the fundamentabnes;this is actuallydueto the factthat eachexcited wire is actuallya coupledoscillator
becausét hasnon-ngligible couplingswith the marionetteandmirror eigenmodes.

TheBS mirror is aboutfour timeslighter thentheinputandendmirrors (5 kg vs. 20.3kg)[12][14]. Thusthefour violin

modesof the BS wiresare predictedto be atabout160Hz. They areactuallyfoundat aboutl67Hz. The 167 Hz peakis

composeaf four closepeaksbetweernl67.2and167.6Hz.

7.1 Ring down of violin and mirr or modes

Mirrors andwiresaremechanicallyexcitedat eachlock acquisitionanddecayto a stationarystatewithin 500-1000sfter
the lock is acquired. The transientperiodis obsened by looking at the spectrogranof the whiteneddark fringe signal
(Figure23).

A measurementf thedecaytime of thesemodesd(i.e. ameasurementf Q) is interestingoecausé providesinformation
onthecharacteristicef themirrors;theQ is linkedto thelossanglefor thedissipatiormechanismTheexpectedQ value

P

3The legrangianfunction for a systemof n coupledoscillatorhasa generafform: L = aij XiXj *+ byj xixj. Tocomputethe normalmodes
of n coupledoscillatorsone hasto solve the systemof n lagrangianequations. Solutionsare non linear functionsof the propermodes: | =
Fi (! 1;! 2551 n) Thus,the highermodeof ordermt" is: im = Fj(ml 1;m! ;5 ml ), which doesnotscalelinearly with m.
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Figure 20: Identi ed mirror drum modes(top) andthe candidatedrum modeof the BS mirror (bottom)in the C7 dark
fringe photodiodesignal.
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Figure21: The1st to 4" orderviolin modesof themirror suspensiowiresasseeronthePr_B1_ACpphotodiodespectra
(with 100s resolution).Squarepointsmarkthe peaksidenti ed by theline searchalgorithmrun (with 13sresolution).

Figure22: Zoomin of the overlapof somefundamentatiolin modesandtheir secondandthird harmonics.
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Figure23: Time frequeny mapof 1800s of whiteneddarkfringe data,startingright afteralock acquisition.This shows
thering down of someviolin fundamentamodes.Themosthighly excitedoneslikely correspondo the NI mirror which
recevethecorrectionsignalfor thelock acquisition.

| Freq(Hz) | descriptionof mode | expectedTau(s) | Tau(s) |
3884 NE andWE mirrors: “butter y* mode 111 106 7
3916 NI andWI mirrors, butter y mode 130 510 40
100-200 | BSwires,violins (largestpeakat 167 Hz) 552 23
300-400 NE,WE,NI,WIviolins 520 27
600-700 NE,WE,NI,WI violins (Z”d mode) 214 13

Table6: Decaytimesof mirror andwire modesasmeasuredy anexponentialt to thebandlimited RMS noiseandlines' amplitude

computedby the NonStatMoni The “expectedTau” columnlists the decaytimesof mirror modesmeasuredn C2[12] by purposely
exciting theindividual mirrors.

for the 3900Hz mirror drummoderangesrom 4 10°to 1:2  10° which correspondso decaytimesfrom 34to 98 s
Q= f )12][16].

A roughmeasuremertasbeenperformedusingthe bandlimited RMS andlines' amplitudedatacomputedoy the Non-
StatMoni The decaytimeslistedin Table6 arecomputedby tting the datawith an exponentialdecay(Ae ¥ ) (see
the examplein Figure24). The estimatmasbeenrep%agedor several (N= 13 to 20) lock acquisitionsandthe average

valuesarelistedin Table6. Errorsarecomputedas = N, where is the standardieviation of the sampleof repeated
measurements.

Theseareroughestimatesincethe RMS computatioraddsto therealfrequeng peaka signi cant amountof noise.An
effective measurementould be doneby extractingthe singlemonochromatisignalwith adaptve lters andperforma
t of its decayamplitude.

We testedthis procedureon the butter y modesof the endmirrors. We usedabout200sof the dark fringe photodiode
signal(Pr_B 1 _AC p sampledat 20kHz) startingat GPStime 81774196thatis right afteralock acquisitionis concluded
(i.e. ALP “step12”is set).We rst Itered thesedatawith anadaptie notch Iter with centerafrequeny equal3884.17
Hz, which correspondto thefrequeng of the NE mirror mode.In orderto reducehenumberof t pointswe rst shifted
the frequeng of the modeby modulatingthe signalwith a sinuswave at 3380Hz andthendownsampledheto 10 Hz.

In this wasthe numberof pointswasreducedrom about40 millions to about2000which could be managedy the t
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Figure24: Decayof theamplitudeof thefrequeng line(s)at3884 1H z afteronelock acquisition.Thegreenline is an
exponentialt with aring-down lifetime of 94 s.

program.The peakfrequeng of the NE mirror modewasthusshiftedfrom 3384.17Hz to 4.17Hz, but we did notloose
ary informationusefulfor the t. The spectraof the downsampledsignalis in Figure25(top). We then t thesignalto
thefunction:

yt)= a1 exp t=1 sin(2 fit+ 1)+ a, exp t=, sin(2 fat+ ),
wheref; = 4:17H z ( x edparameter)andthe secondermaccountdor theresidualbeatingwith the samemodeof the

WE mirror which is very closein frequeng (f2 = 4:60H z, this wassetaswell as x ed parametepof the t). We used
cheCERN packageMINUIT, from the PAW program o performthe t. We obtainthefollowing result:

A; = 0:862 0:003

A, = 0:820 0:004,
1= (1181 0:6)s,
2= (61:3 0:4)s,

3:697 0:002

H
1

2 = 3:003 0:003

Thechi squaredf the t is 1:3. Figure25 shavstheresultof the t.

Thefrequencie®f thesewire andmirror modesarein theaudibleband(about20Hz to 20kHz), andthe rst violin modes
areclosetoa“MI” tone(329.63Hz). We have isolatedsomeof thesewiresandmirror sound<dy applyinganarrav band

passlter. Audible (.wa\) les arestoredat http://wwwcascina.vigo.infn.it/DataAnalysis/Noise/doc/musidag-Down/.

Theseles havebeenusedtogethemwith other“Virgosounds”in amusicalperformancenamelypartof the celebrations
of the 500yearssinceGalileo Galilei (Pisa,June2006: http://wwwsideeusnuncius.net/sideus/inde.htm).
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Figure 25: Fit of the 3884Hz resonancedecay Top plot: spectrunof the signalafterthe preprocessingteps(notchedat 3884 Hz
with theadaptve lter, modulatedat 3380Hz,anddovnampledat 10 Hz). The two peaksarethe WE andNE mirrorsbutter y modes.
In magentds the spectrunof the signaly(t) whichis assignedhe parameteraluesresultingfrom the t. UnitsareH z (horizontal)
andarbitrary(vertical). Middle plot: resultof the t overthefull time period. Units ares (horizontal)andarbitrary(vertical). Bottom
plot: zoomover 10s. 23



Figure26: Top plot: aliasingeffectsin the dovn sampledh_4kHzdata,areevidencedoy comparingto h_20kHzdata. Bottom plot:
few examplesof singlere ection (2406Hz line, 4" harmonicsof turbo pumps)anddoublere ections (5545,5584 and 5586 mirror
modes).

8 Aliasedlines

We realizedthat a few of the lines in the PSSlist are the resultof the aliasingof higherfrequeng lines. Figure 26
illustratesone suchexample. The PSSgroup usedfor their analysisthe h_4kH z channelwhich is the h-reconstructed
channeldown-sampledrom 20kHz to 4 kHz. The down-samplingprocedureappliesanti-aliasing Itering to the data
usingone6™ orderButterworthwith a cut-off at2000Hz. Figures26 illustrateshow 300s spectraareclearlyaffectedby
aliasing.Segio Frascareportedon aliasingeffectsin PSSsearchesandmadea proposalfor moreef cient Iters [14].

9 Conclusions

We have describedhe analysisof spectralinesin thedarkfringe photodiodesignalof C7 run. We adoptedasanew line
catalog,the frequeng peaklist producedby the analysispipeline of the periodicsignalsearch.This catalogcompares
well with the outputof our line searchalgorithm. The nev methodhasvariousadvantageouslt pro ts from the data
cleaningperformedby the PSS,it hashigh resolution(at last 1000s,up to 16000sfor the low frequencies)andlast but
notleast,beingthatit is a byproductof the pulsarsearchanalysisit would comewith no additionalcomputationatosts.
Instead the searchalgorithmis to be preferredfor the purposeof the on-line monitor of lines thatdo not requirehigh
resolutionbut quick dataaccesslt could be advantageou$o adopttheline selectionalgorithmimplementedwithin the
NonStatMonivhich currentlyoutputsits list of linesto theframetrenddata.

The newly implementedervironmentalcoherencecatalogand the multi-coherenceappliedto ernvironmentalchannels
provedto be very usefultoolsin identifying lines of ervironmentalorigin, andalsoproviding an aid in the location of
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thesenoisesources.Eventually experimentalhuntsallowed usto preciselylocatethe sourceof severallines. Thus,we
wereableto identify mostof thelinesin our list of detectedines. We have storedtheinformationaboutall detectedines
(TableAl) in theon-lineline databas§l5] which hasrecentlybeenupdatecandmovedto https : ==pulB.ego gw:it=-
linesdb=
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Appendix

In tablebelow we list thelinesdetectedn the darkfringe photodiodesignalin run C7 which hadSNRabove 5. We used
the searchalgorithmandappliedthe post-processingequestslescribedn Section2. Frequenyg resolutionof the search
algorithmwas 13s(0.00763Hz), andthe SRN cut wassetat 5. Herewe list separatelybottom)the identi ed 50Hz
harmonicsWe alsoindicatethe origin of theidenti ed lines. Widthsarecomputedasthe numberof frequeng binsthat
aremeigedby the postprocessingthusareintegermultiplesof thefrequeng resolution.
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Linesdetectedn C7,channePr_B1_AC p SNR>5,frequeng resolution0.076Hz

| Fpeak (Hz) | width (Hz) | alsoin C6 Comment
0.19 0.15
0.69 0.31
1.22 0.076 mirror suspensioy
3.20 0.076 mirror suspensioi x
24.64 0.076 scroll pumplIB, reducesafterh 25 (tuneof mod. frequeng)
25.06 0.15 reducesafterh 25 (tuneof mod. frequeng)
27.85 0.076
28.76 0.076
31.55 0.15 YES WE air conditioning,reducesafterh 25 (tuneof m.f)
41.62 0.15 YES reducesafterh 25 (tuneof m.f)
42.11 0.076 YES NE ervironment,reducesfterh 25 (tuneof m.f)
42.88 0.076 CE environment,reducesafterh 25 (tuneof m.f)
45.35 0.38 YES Two horns:45.22and45.42Hz of IB turbocoolingfang reducesafterh 25 (tuneof m.f.)
53.14 0.15 NE air conditioning,reducesafterh 46
59.74 0.076 WE air conditioning,reducesafterh 25 (tuneof m.f.)
103.00 0.076 calibrationline
105.02 0.15 YES calibrationline
107.00 0.15 YES calibrationline
149.57 0.15
167.24 0.23 YES BSwires, 1stviolin mode
332.79 0.38 YES Large mirrorswires, 1stviolin
333.37 0.15 YES Large mirrorswires, 1stviolin
334.01 0.076 YES Largemirrorswires, 1stviolin (possibly2ndviolin BS)
335.08 0.076 YES Large mirrorswires, 1stviolin
337.07 0.23 YES Large mirrorswires, 1stviolin
353.01 0.076 YES calibrationline
355.00 0.076 YES calibrationline
357.02 0.15 YES calibrationline
601.46 0.15 YES TurbopumplB (rotationfrequeny)
665.13 0.23 2ndviolin mode
665.82 0.076 2ndyviolin mode
666.78 0.38 2ndviolin mode
667.84 0.15 2ndviolin
668.26 0.076 2ndviolin mode
668.95 0.076 2ndviolin mode
669.29 0.15 2ndviolin mode
669.56 0.076 2ndviolin mode
670.36 0.15 2ndviolin mode
673.90 0.076 2ndviolin mode
674.29 0.076 2ndviolin mode
997.57 0.23 3rdviolin mode
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Linesdetectedn C7,channePr_B1_AC p SNR>5,frequeng resolution0.076Hz

Fpeak (Hz) | width (Hz) | alsoin C6 Comment
1109.47 0.23 1111couplingwith SA mode(Alignment uctuation)
1110.04 0.15 1111couplingwith SA mode0.98Hz (Alignment uctuation)
1111.00 0.076 SFSScalibrationline
1111.03 0.15 1111couplingwith SA mode0.03Hz (Alignment uctuation)
1111.98 0.076 1111couplingwith SA mode0.98Hz (Alignment uctuation)
1112.56 0.31 1111couplingwith SA mode(Alignment uctuation)
1202.89 0.15 IB turbopump(1stharmonic)
2405.74 0.31 IB turbopump(2nd harmonic)
3884.58 0.076 YES NE andWE mirrors (two closepeaks):‘butter y” mode
3916.63 0.076 YES WI mirror mode,“butter y” mode
3917.65 0.15 YES NI mirror mode,“butter y” mode
4168.89 0.15 YES
4218.94 0.15 thisis 4168.8%hatjumpsto 4218.94at abouth 25
5529.29 1.07 jumpsfrom 5523.00athour 30
5545.27 0.38 YES NE andWE mirrors (two closepeaks):“drum” mode
5584.07 0.15 YES WI mirror “drum” mode
5585.90 0.15 YES NI mirror “drum” mode
7723.92 0.076 possible:BS mirror mode(0,1)
8605.39 0.31 YES
9628.87 0.15
9629.56 0.15
9846.73 0.076 YES
9849.51 0.15 YES
9871.90 0.23
9872.63 0.15
9889.76 0.076
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| Linesdetectedn C7,channePr_B1_AC p SNR>5,frequeng resolution0.076Hz

Mainsandharmonics:19lines
Fpeak (Hz) | width (Hz) alsoin C6 Comment
50.05 0.19 YES (49.97Hz)
100.02 0.23 YES
149.99 0.34 YES
199.97 0.31 YES
250.02 0.42 YES
299.99 0.11 YES
349.96 0.49 YES (350.04Hz)
400.01 0.69 YES
449,95 0.076 YES (449.98Hz)
549.93 0.77 YES (550.00Hz)
650.02 0.99 YES
749.97 0.42 YES
850.07 0.46
949.94 0.54
999.98 0.2713 YES
3000.03 0.12
3050.00 0.52 YES
9999.20 0.77 YES
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