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1 Intr oduction

In this notewe describeour work on thedetectionandinvestigationof theorigin of thefrequency linesin theVirgodark
fringe datafrom run C7. A numberof dataanalysistechniquesandexperimentalmethods(in the laboratory)we used
to identify andcharacterizethesenoiselines. We initially generateda �rst selectionof frequency linesusingthesearch
algorithmdescribedin reference[1] (Section2). Line candidatesalsocomeastheby-productof theanalysispipelineof
theperiodicsignalsearches(PSS)performedby theVirgopulsarsearchgroup.Wediscussthisnew line catalogin Section
2 andcomparetheresultswith theoutcomeof the �rst searchmethod.We alsouseda newly implementedcatalogueof
environmentalcoherences[3] andthe multi-coherencetool [9] to investigatefor the origin of environmentallines. We
searchedfor a matchbetweenour line candidatesandlargecoherencevalueswith environmentalchannels(Section3).
Thenwe huntedfor thesourcesof theselinesby surveying theexperimentalhallswith portablemeasurementequipment
(spectrumanalyzer, accelerometer, Hall probe,microphone).We identi�ed somelinesasoriginatingfrom theWE and
NE air conditioning;wealsofoundthesourceof the10Hz noiseline (Section6). Otherlinesthatwereidenti�ed include:
mirror modesandviolin modesof mirror wires(Section7, includesa measurementof ring-down decaytime),sidebands
of calibrationlines(Section4), andlinesdueto theresidualaliasingin the4kHz down-sampleddata(Section8).

2 Lines fr om the search algorithm

Weproducedonepreliminarylist of persistentfrequency peaks("lines") byapplyingtheline searchalgorithmdescribedin
reference[1] to thedarkfringephotodiodesignal(channelPr_B1_ACp). Weprocessedthecompletedatasetof C7science
modedata(about100 hours)by requiring the quality �ag Qc_Moni_ScienceModeto be one. We usedthe algorithm
parameters:SNRthreshold=5,FFTresolution� f = 1=13:1072s ' 0:07H z, 18(nonoverlapping)averages.Thespectral
backgroundwasestimatedusinga tiling of thefrequency axisof dyadictype,with parametersNb=8,Nn=64,Nq=321.

The outputof the algorithmover the entireC7 sciencemodedataset(approximately110 hours)consistsof 61516fre-
quency peaks.Fromthis mapof time-frequency datapointsweextracteda list of 70 linesby doingthefollowing:

1. Remove 50 Hz harmonics(the n th harmonicis identi�ed asthegroupof pointswithin the frequency window of
width n � � f aroundthefrequency valuen � 50);

2. Select"persistent"frequencies,existing for at least3% of total time;

3. Merge frequenciesin nearbyconsecutive frequency bins, thenassignto thecandidateline the averagefrequency
valueanda line widthequalto � f timesthenumberof mergedlines.

Theselinesarelisted in TableA1 (Appendix). Somefrequenciesareknown from previousinvestigations,suchasthose
from thevacuumpumps[15] andmirror thermalmodes[13]. In thefollowing Sections,3 to 8, we describethework of
identifying theorigin of thestill unknown lines. In Section3 wealsocommentonhomogeneousgroupsof detectedlines.

3 Lines fr om the pulsarssearch

Having identi�ed mostlinesin TableA1, we lookedfor a morecomprehensive list of lines. A list of persistentandhigh
resolutionfrequency peakscomesalmostfor free from thesearchfor periodicGW signalsfrom pulsars[2]. Thepulsar

1Thealgorithworksin thefrequency domainandproceedesin threesteps:1) computestheamplitudespectumof thedarkfringephotodiodechannel
(P r _B 1_AC q) andsubdividesthefrequency axis in N b intervals of (minimum) lenghtN n (datapoints);2) in eachinterval makesa linear �t of the
datapoints,excluding theN q pointswith the largesamplitude:this �t estimatesthebackgroundspectralnoise;3) �nally , within eachinterval selects
datapointswhichexceedsin amplitudethebackgroundby morethanSNRtimes:thesearethecandidatelines.Two typesof tiling of thefrequency axis
arede�ned: if N n Nb < N=2 (N = numberof FFT points)thetiling is dyadicfor which thesizeof theinterval increaseswith frequency (hesmallest
interval beingof sizeN n ); if N n Nb = N=2 thefreqeuncy axisis tiled uniformly (all intervalshavesizeN n ).
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Figure1: Time-frequency mapof frequency peaksdetectedby thesearchalgorithm[1] appliedto C7 darkfringe sciencemodedata
segments(black). Therewere61516frequency peaksabove the SNR threshold,correspondingto 772 different frequencies.This
reducesto 155 persistentones(seetext), and�nally reducesto 71 lines candidates(plus 18 50Hz harmonics)after merging nearby
frequencies.

Figure2: Numberof frequency peaksdetectedby the line searchalgorithm in C7 dark fringe as function of time. In red: after
removing all 50Hzmultiples.
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Serialn. Frequency (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

Table1: Thetwentymostpersistentfrequency peaksfrom thePSSlist. Thethird columnlists thenumberof FFTsin which thepeak
appears,asexplainedabove. Thecompletelist canbefoundathttp : ==wwwcascina:vir go:inf n:it=D ataAnal ysis=N oise=doc=-
C7=Lines=ser gio_f r asca_peaks:dat).

searchgroupsetup ananalysisprocedureto searchfor periodicsignals(PSS)in theVirgo strainsensitivity channel.As
describedin reference[2], the PSSanalysispipeline�rst performsa datacleaning,identifying andremoving transient
time domaindisturbances.Thenit producescollectionsof FFTsof variouslengthsover theentiresciencemodedataset.
Thesubsequentstepconsistsin theadaptivesearchfor frequency peaksin thesespectra.To do this they computeanauto
regressiveaveragespectrumwhichgivesa goodestimateof thespectralbackgroundnoise;they thentake theratioof the
FFT to theaveragespectrumandselectthedatathatexceedsa giventhresholdSNR.

TheresultsthatthePSSgroupprovideduswith containsthelist of frequency peaksandtheirsigni�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 20peaks,orderedby decreasingsigni�cance,arelistedin Table1. Thesedatawereproducedusingthe
C7strainreconstructedchanneldown-sampledto 4kHz(hrec_4kHz) andanFFTresolutionof Twindow =1048.6s(4194314
datapointsat 20kHz)over thefrequency range0 to 2000Hz.This wassuf�cient for ourpurposes.

We stressthatPSSalsoproducesdatasetsof frequency peaksfrom higherresolutionFFTs. Presentlythreedatasetsare
generated:Twindow =4000sandf max =500Hz,Twindow =8000sandf max =125Hz,Twindow =16000sandf max =31.25Hz.
Thesecouldbeusedto probelinesof decreasingintensity. ThePSSpeakslist includesall of thelinesgivenin TableA1,
plus many morethatemergedfrom backgroundnoisebecauseof thehigherresolutionused.In particular, Figure3 has
a plot of thevaluesof PSSlist between0 and3 Hz; thesearelikely resonantmodesof themirror suspensions.This is
discussedin Section4 below.

In Figure4 we plot thevaluesof PSSlist between5 and50 Hz. Most of thesefrequency peaksaregeneratedby electro-
mechanicaldevices. In Section5 we describethe work on the identi�cation of theselines. In summary, the lines we
identi�ed in thePSSlist belongto sevencategories,whichwe describein moredetail in thefollowing sections:

1. oscillationmodesof thesuperattenuators(Section4);

2. sidebandsof calibrationlines(Section4);

3. environmentallines(Sections5 and6);
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Figure 3: Very low frequency peaks(0 to 3Hz) from the periodic signalssearchanalysis(on the vertical axis is the numberof
recurrencesin theentireC7 hrec_4kHzchannel)

Figure4: Low frequency peaks(5 to 50Hz) from theperiodicsignalssearchanalysis(on theverticalaxisis thenumberof recurrences
in theentireC7 hrec_4kHzchannel).

4. 10Hz andharmonics(Sections5 and13,seealsoreference[4]);

5. thermallyexcitedmodesof themirror mass(Section7);

6. violin modesof mirrors' wires(Section7);

7. aliasedlines(Section8).

4 SA modesand sidebandsof calibration lines

Very low frequency peaks(up to 3.2Hz, seeFigure3) areoscillationsof themirrorsat thefrequency of themechanical
modesof themirror suspensions.Table2 lists thesefrequencies,asgivenin thePSSlist. Theidenti�cation of themode
is doneusingtheinformationcontainedin reference[8] wherethemechanicaltransferfunctionof theNE suspensionwas
comparedto its SIESTA simulation.

Thecoherenceanalysis,describedin Section5 below, revealedthatthesepeakshavelargecoherencewith verticalseismic
signals(Figure5), meaningthatthey aremostlyexcitedby verticalgroundmotion.Whathappensis thatthereis vertical
motionof thetowers' IP stage,which is notactively damped(asthehorizontaloneis), which thenexcites,by mechanical
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Freq(Hz) SA resonantmode

0.451 z-Tx mode

0.479 z mode

0.545 z mode

0.579 z mode

0.623 z mode

0.796 z mode

0.846 Ty mode

1.168 Ty mode(MIRROR+RMvsMARIO)

1.202 Ty mode(MIRROR+RMvsMARIO)

1.752 Tx mode(MIRRORoppositeto RM)

1.785 Tx mode(MIRORRoppositeto RM)

3.197 Tx mode(M IRROR+RMvsMARIO)

3.208 Tx mode(MIRROR+RMvs MARIO)

Table2: Linesfrom thePSSlist which correspondto modesof theSuperAttenuators.Theassignmentis doneaccordingto thestudy
in reference[8].

coupling,horizontaldegreesof freedomat thelevel of �lter 7. This effect will becuredby theimplementationof active
verticaldampingonall towers.

Thegroupof linesbetween1109and1112Hz in PSSlist (TableA1) arealsorelatedto SuperAttenuatormodes.Figure
6 shows theamazingstructureof peaks(obtainedusing200sresolution)aroundthe1111Hz line. The1111Hz line is
a calibrationline that modulatesthe laserfrequency. Onegoal of this line is to measurethe modecleanermodulation
frequency error. With this line onecanmeasurethecommonmodenoiselevel in thedark fringe; laserfrequency noise
is onesuchnoise.If a mirror tilts thenthefringe contrastdecreases,andconsequentlythecommonmodenoisecoupling
increases.This lack of controlof themirrors is a sourceof many typesof noise,including theobservedburstof bursts
(BOBs)[6, 7].

The fact that this structureis symmetricaroundthe1111Hz line suggeststhat it is dueto amplitudemodulationof the
central1111Hz line. We noticedthatvaluesof modulationfrequencies(i.e. thedistanceof peaksfrom thecentralline)
aretypical of SuperAttenuatormodes.Anotherhint asto thesourceof thenoiseis thesimilar structureof the1111Hz
sidebandsandthoseof thelow frequency componentof thealignmentsignals(Ty), which is shown in Figure7.

In order to test the modulationhypothesis,we took a simple sinusoidalsignal at 1111Hzand modulatedit with the
alignmenterror (Sc_*_tyGc) signals,thenwe computedthecoherencebetweentheobtainedsignalsandthedark fringe
signal. Figure8 shows the result. Somecoherenceis found with all alignmentsignalsover a 5 Hz band; the largest
coherenceis with thesignalmeasuringtheNE Ty mirror position.

As part of the same“puzzle” we noticedsidebandswith a similar structure(and coherencepattern)also aroundthe
calibrationlinesat353,355and357Hz, andaswell aroundthenarrow andintenseline at3050Hz, asshown in Figure9.
(Theseadditionalsidebandsarenot in TableA1, but they arein thePSSlist which hashigherresolution).All theselines
have thecommonfeatureto beverynarrow andstationary.

The full understandingwasprovidedby the outputplots producedby the NonStatMonimonitor [5]. 2Onesuchplot is
reproducedin Figure10. It revealsthat the dark fringe signalwasmodulatedwith residualmirror angularmotion at
low frequenciesover mostof its bandwidth.As a consequencethelow frequency angularnoisecouplesto every intense
spectralline in thedarkfringe which is narrow andstationary(suchascalibrationlines);this increasesthespectralnoise
nearby. Thecommissioningplanis to increasethelow frequency gainof alignmentcontrolloopsandthusreducemirrors
slow angularoscillationin futureruns.

2TheNonStatMoniprogrammonitorsthenonstationarityof thedarkfringe signalandalignmentsignalsin differentfrequency bands.This is done
by �rst computingbandlimited RMSof thedataatgiventimesteps(10s,100s,...), thenlookingat thespectralcompositionof theRMStimeseriesand
eventuallycomputingcoherencesbetweendifferentRMS series.
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Figure5: Contributionsto theC7 darkfringe photodiodeof horizontal(green)andvertical(red)groundseismicmotionmeasuredat
differentbuildings: square=central,triangle=NE,circle=WE,cross=MC.Coloredpointsarethe projectionof the coherenceonto the
darkfringespectrum,for frequenciesat whichcoherenceis greaterthan0.4.

5 Lines identi�cation with coherenceand multi-coherencetools

A necessarystepfor the identi�cation of linesoriginatingfrom electro-mechanicaldevicesin the laboratoryis to search
for matchedcoherencesbetweenthedarkfringe andsignalsfrom our environmentalmonitoringinstruments:accelerom-
eters,microphonesandmagnetometers.Sucha searchwasperformed(sinceC6) by a programtool that computesthe
coherencein 130snon overlappingsetsof dataof the dark fringe photodiodePr_B1_ACp (i.e. 7.7mHz resolution)
averagedover theentiresciencemodedatasegments.Theprogramdetectsfrequency peaksabove a cutoff valuecorre-
spondingto 2.5standarddeviationsabove themeancoherencein thefrequency bandof interest,andwith a width larger
than0.1 Hz. Plotsof coherencesandlists orderedby environmentalsensorchannelor by frequency arepostedon the
web (http : ==wwwcascina:vir go:inf n:it=D ataAnal ysis=N oise=doc=C7=coherence=webpage=catalogue:html ).
Figure11showsa samplecoherenceplot. In Table3 is thelist of foundmatches.

The computationof multi-coherenceis necessaryin orderto measurecorrectlyanddisentanglethe contribution of one
referencesignal (i.e. the dark fringe) from the noisemeasuredby several differentauxiliary channels(i.e. environ-
mentalsensors).This tool is presentin the NAP library[9]. It properlyaccountsfor correlationsamongchannels,and
givesasoutputthe disentanglednoisecontributionsandthe referencesignalwith the noiseremoved. We performeda
multi-coherenceanalysisof the magneticnoisein the C7 dark fringe signal(the completesetof plots canbe found at
http://wwwcascina.virgo.infn.it/DataAnalysis/Noise/doc/C7/MagneticNoise/)

Severalnoiselinesandstructureshave beendetected,amongwhich a strong10 Hz line andits higherorderharmonics.
The analysisindicatesa strongcoherencewith magneticchannelsin the centralbuilding, suggestinga sourcelocated
there. Figure12 shows the measuredcontributionsfrom magneticnoisemeasuredby all magnetometerchannels.The
culprit was then identi�ed as electromagneticnoiseemittedfrom digitization boardsfor the digital camerasthat are
locatedin thedataacquisitionroom(moredetailsin Section6 below). For a thoroughanalysisof 10 Hz harmonicsand
how they affectedthePSSanalysisof C7 dataseedocument[4]. In Figure13 we show anotherinterestingresultof the
multi-coherenceanalysisappliedto magneticchannels;thecoherencewith magneticchannelsis suf�cient to completely
removeof 50Hz line from thedarkfringe.
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Figure6: Spectrallinesaround1111Hz. Peaksarelocatedsymmetricallywith respectto the1111Hz. Major onesareat +- 0.0405
Hz, +- 0.449,+- 0.596,+- 0.981,+- 3.21Hz.

7



Figure7: A comparisonof one-sideof thesidebandsof the1111Hz line (top) andthelow frequency spectralamplitude
of alignmenterrorsignals(bottom).It is apparentthatthis low-frequency noiseis modulatingthe1111Hz line.
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Figure8: Coherenceof thealignmenterrorsignalsandthedarkfringesignalsin thevicinity of 1111Hz.

frequency [Hz] SNR width [Hz] Matchin coherencecatalogue:close(?) or exact(!)

20.14 486 0.01 (!) seismometersandmicrophoneWE

192.13 449 <0.01 (!) seismometersandmagnetometersCE

42.09 399 0.02 (!) magnetometersNE

16.63 376 0.1 (?) seismometersandmicrophoneMC at16.69Hz

38.4 360 <0.01 (?) Em_SEDBWE01at38.22Hz, Em_ACBDNE01at38.24Hz, Em_SEDBNE01at38.275Hz

6.88 326 <0.01 (?) Em_MABDNE02at6.614Hz

14.8 187 0.01 (?) Em_ACLALL01 at14.69Hz

25.58 185 0.01 (!) magnetometersNE

19.29 121 0.03 (!) magnetometersNE

19.43 67 0.01 (!) magnetometersWE

25.02 114 0.02 (?) Em_SEBDMC0125.1740.37053

31.89 106 0.05 (!) acousticandseismicNE

33.75 88 0.02 (?) Em_SEDBNE01at 33.716Hz andEm_ACBDNE01at33.727Hz

21.26 67 0.03 (!) acousticandseismicNE

31.52 63 0.01 (!) acousticandseismicWE

43.86 67 0.03 (?) Em_SETOPR01at 42.873Hz

32.89 33 0.03 (!) seismometersWE

46.76 29 0.01 (!) seismometersandmicrophonesin CE, includinglaserlabanddet.lab.

Table3: Matchesbetweenthedarkfringe linesfrom PSSandpeaksthatwerefoundwith theenvironmentalcoherencecatalogue.
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Figure9: Sidebandsin Pr_B1_ACp aroundintenseandnarrow lines at 1111 Hz (calibration),357 Hz (calibration)and3050Hz
(unknown).

Figure10: Spectralcompositionof bandlimited RMS of Pr-B1-ACpsignals(thisplot is automaticallyproducedby NonStatMoni)
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Figure11: Samplecoherenceplot from the EnvironmentalCoherenceCatalogue. This coherenceexamplewascalculatedbetween
channelsPr_B1_ACp andEm_SEBDCE01.

6 Experimental search of line sources

Using asa guidelineour list of matcheswith the environmentalcoherencecatalogue(Table3) we went huntingin the
laboratoryfor thesourcesof the line noise. Our portableequipmentconsistedof: oneaccelerometer(piezoaccelerom-
etermodel393B12by PCB with 0.1Hz to 4kHz bandwidth,andsensitivity 104mV/g), onemicrophone(CEL-231by
Casella,10 Hz to 25 kHz bandwidth,dynamicrange30 to 135 dB, 1dB accuracy), onemagneticprobe(tri-axial Hall
effect sensorby Honeywell modelHMC2003,spectralsensitivity 40 � Gaussover 1kHz bandwidth,expectednoise�oor
4nT/

p
1000=0.13nT)andonespectrumanalyzer(OnosokkiCF 6400)usedfor datareadout. Below we describethe

severalmeasurementsperformed.

6.1 Turbo pump cooling fans

Two “horns” at about45 Hz appearedin theC7 darkfringe data(Figure14-top),andareparticularlyintenseduring the
�rst 25hoursof therun. They havestrongacoherencewith seismicsensorsinsideandaroundthelaserlaboratory(Figure
14-bottom).On theotherhand,thecoherencewith acousticsensorsis negligible.

During therun on themorningof September18th2005,asa test,all turbopumpswereswitchedoff in rapidsequence.
Thehornspromptlyandcompletelydisappearedfrom thedarkfringesignalin correspondencewith theturnoff of theIB
tower's turbopump.

Throughourmeasurementsin thelaboratory, we discoveredthatthesourceof thisnoisearethetwo little coolingfanson
theturbopumpenclosure.Thesmalldifferencein rotationspeedof thetwo fansaccountsfor thetwo slightly displaced
spectralpeaks.In Table5 we provide themeasuredsignaturefrequenciesof thecooling fansfor all turbopumpsin the
centralbuilding. For thismeasurementweplacedtheportableseismometerupontheturbopumpvessel.At thesametime
we measurednomagneticnoise,norany signi�cant acousticnoiseproducedat thesefrequencies.

Figure14showsanotherinterestingfeature;thepresenceof thehornsin thedarkfringesignalwerereducedin amplitude
in correspondencewith the(manual)tuningof the lasermodulationfrequency to matchthemodecleanercavity length.
Also shown in Figure14 is thatthereis additionaldarkfringe noisein the35-50Hz regionaroundthehorns,whichhave
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Figure12: The10Hzline andits harmonicsin thedarkfringeandthemeasuredcontributionsfrom magneticnoise(2 plots).
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Figure13: Magneticnoisecontributionsto the50 Hz line in thedarkfringesignalmeasuredby all our magneticchannels.

SA tower Frequency andamplitudeof �rst horn secondhorn rotor speed[Hz]

PR 45.01Hz 31.36mV 45.37Hz 45.78mV 600.7-600.84Hz 270-310mV

BS 45.0Hz 15.73mV 45.57Hz 26.21mV 600.7-600.8Hz 450-480mV

WI 45.14Hz 32.41Hz 45.3Hz 16.46mV 600.6-600.81Hz 170-200mV

DE 44.7Hz 1.6mV 48.22Hz 2.5mV 600.7-600.8Hz 390-400mV

SR 45.19Hz 28.6mV 45.35Hz 23.03mV 601.4-601.5Hz 0.9-1.0V

IB 45.22Hz 45.42Hz 601.5Hz

NI pumpwasoff at time of measurements

Table4: Frequency andamplitudeof themostintenseseismicpeaksfrom turbopumpsin thecentralbuilding: thetwo coolingfans,
andthepumprotor. Measurementsweretakenwith a portableaccelerometerplacedupontheturbopumpmetallicenclosure.

similar characteristicsasthe horns;it is coherentwith the sameseismicchannelsandit reduceswith the tuning of the
modulationfrequency. Anothercommonfeatureof thisnoiseandthehornsis thestrongcoherencewith theangularnoise
of theIMC cavity opticalaxis,mainlyalong� y d.o.f. Wesuspectthisadditionalnoiseto beproducedby othermechanical
devicesinsideandaroundthelaserlaboratory.

Wedonothaveaclearunderstandingof thepathby whichthisturbopumpnoiseentersthedarkfringe,but onepossibility
is the following: asdescribedin Ref. [10], a mismatchbetweenthemodulationfrequency andIMC lengthcausesIMC
longitudinalnoise(mainly IB resonances)to coupleinto theITF sensitivity throughtheBScontrolloop. Seismicnoisein
the laserlaboratory, andvibrationsof theexternalopticalbench,producejitter of thelaserbeamenteringtheIMC. This
is IMC angularnoisethatcanthenconvert into longitudinalnoisein thepresenceof anoffsetof theopticalaxis.

6.2 Hunting the line sources

Thelist of frequency peaksfrom theenvironmentalcoherencecataloguematchingwith PSSlines(Table3) gaveusclues
asto the locationandtype of the noisesource.Using this information,we performedmeasurementson the magnetic,
seismic,andacousticnoiseemissionsby the air conditionersandothermajor noisesourcesin the DAQ room,andthe
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Figure14: Thehornsatabout45Hz andnearbynoisein C7 darkfringephotodiodeat varioustimesduringtherun: (top)darkfringe
photodiodespectrum,(bottom)darkfringe coherencewith anaccelerometeron theexternalinjectionbench.Theplotsshow how the
hornsdisappearwhenIB turbopumpis switchedoff after50th hour. Thetopplot showsthattheamplitudeof thenearbynoiseincreases
with thedetuningof themodulationfrequency. Thenoiseis coherentwith seismicnoisein andaroundthelaserlaboratory.

14



Air ConditioningNE

Frequency[Hz] microphone[P ascal=
p

(H z)] accelerometeron thebench[m=s2=
p

(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: Themostintenselinesfrom theNE andWE air conditioning.All lineshave spectralwidth of about0.1Hz, andareseento
drift in time by about� 0.3Hz. Thetime resolutionsusedfor theFFTsusedin thesemeasurementswere81s for themicrophoneand
13 s for theaccelerometer.

North andWestexperimentalhalls.

Figures15 to 17 compareacousticspectrarecordedwith air conditioningon and off. Table 5 lists the most intense
frequency linesproducedby theair conditioningin theWE andNE buildings. Someof thesenoiselineswerefound in
theC7darkfringesignal(seeTableA1).

We investigatedthe possiblecouplingof the air conditionernoiseto the terminaloptical benches.We probedthe air
conditioningnoisewith theaccelerometerandmicrophonedeployedin differentlocationsinsidetheNE hall (usingthe
31.7Hz line asreference).We measuredthemostintensenoise(31.7Hz line amplitude)at the tubelinking thebench
enclosureto theNE tower. We alsofoundthat,while acousticnoiseis thesameeverywhere,seismicnoiseis strongeron
thebenchandon top of thebenchenclosurethanit is on the �oor aroundthebenchor at thebenchsupport;seeFigure
18). Thus,we suspectthat themajorcouplingof theair conditioningnoiseto thebenchis not seismic(i.e throughtable
legs)but acoustic(i.e. air pressurenoiseshakingopticson thebenchandpossiblyalsothelink tube).A possiblepathto
thedarkfringe is throughdiffusedlight, which is re injectedinto theinterferometerafterbeingscatteredby someoptical
componenton thebench,asexplainedin Ref. [11].

Searchingthecentralbuilding for strong10Hz magneticemissionswith ourportablemagneticprobewefoundthesource
of the10Hz harmonicsto betheboardsin racknumber56 in theDAQ room.Theseboardsreceivetheanalogsignalfrom
thecamerasandsubsequentlydigitize them.To dosothey senda10Hz timing signalto digital cameras15 to 19.

While searchingfor the10Hz noisesourcewe alsodiscoveredthesourceof a10.1Hz noiseline. Althoughnotaffecting
ITF sensitivity, thisnoiseline is quiteintensein thecentralbuilding magneticsensors.This10.1Hz noiseis generatedby
theDAQ roomair conditioningmachinethat is locatedinsidetheroom. It is actuallyquitesurprisinghow this magnetic
line (its magneticnatureis alsocon�rmed by the fact it is narrow andvery stationary)canbe generated.However, its
origin is con�rmed by its disappearancein correspondenceto air conditioningswitchoff (Figure19).
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Figure15: The reductionof acoustic(right) andseismic(left) noiseconsequentto the switchoff of the air conditioningin the NE
building.

Figure16: Identi�cation of linesfrom theWE air conditioning.Theseweredeterminedby comparingseismicspectrarecordedwith
theair conditioningdevice off andon.
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Figure17: Acousticnoisereductionin theMC building consequentto theturnoff of thetwo air conditioningunits,UTA1 andUTA2.

Figure18: Seismicnoiseon thegroundandon theNE externalopticalbench.
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Figure19: Spectrogramsshowing thedisappearanceof a10.1Hz line,andits harmonics(left andmiddleplot), from themagnetometer
signalin thecentralbuilding (locatedon thebalcony above theDAQ room) in correspondencewith theturn off of theDAQ roomair
conditioningunit. Theright plot shows anassociatedspuriousline in oneof theseismometerchannels.

7 Mirr or and violin modes

At leasteightof theresonantmodesof thelargemirrorshavebeenidenti�ed from thelinesobservedby thePSS:theseare
theNE, WE, NI andWI butter�y (about3885and3917Hz) anddrum(about5545and5584Hz) modes(seeFigure20).
Thesevaluescorrespondto thetheoreticalprediction[13]. A variationof few hundredsof Hz of themodefrequency is
observedduringC7 andcanbeassociatedto a changein themirror temperaturedueto temperaturechangesin thetower
ovens.Theidenti�ed line at7724Hz resemblesaLorentzianpeak(Figure20). It is candidatefor beingtheinternalmode
(0,1)(drum) of theBSmirror. Thetheoreticalpredictionfor this modeis 7740Hz [13].

Thegroupof linesin therange330–340Hz,arethefundamentalviolin modesof thefour wiressuspendingtheNE, WE,
NI, WI mirrors,which arethermallyexcited(Figure21). Theseare,in fact,predictedto beat about320Hz[12]. In the
PSSlist, with 1000s timeresolution,we identi�ed 28distinctpeaks.Actually, weexpect32distinctfundamentalmodes.
This is becausewires tensioncannotbeperfectlyequalized,andz-x degeneracy is actuallyremovedsincethewiresare
clampedto �nite massbodieswith not-diagonalmomentof inertia(i.e. I xz 6= 0). Highermodes,up to the4th order, are
detectedby theline searchprograms(alsoshown Figure21). Figure22 shows thatthehigherordermodesarenot exact
multiplesof the fundamentalones;this is actuallydueto the fact thateachexcitedwire is actuallya coupledoscillator
becauseit hasnon-negligible couplingswith themarionetteandmirror eigenmodes3.
TheBS mirror is aboutfour timeslighter thentheinput andendmirrors(5 kg vs. 20.3kg)[12][14]. Thusthefour violin
modesof theBS wiresarepredictedto beat about160Hz.They areactuallyfoundat about167Hz.The167Hz peakis
composedof four closepeaks,between167.2and167.6Hz.

7.1 Ring down of violin and mirr or modes

Mirrors andwiresaremechanicallyexcitedateachlock acquisitionanddecayto astationarystatewithin 500-1000safter
the lock is acquired.The transientperiodis observedby looking at thespectrogramof thewhiteneddark fringe signal
(Figure23).

A measurementof thedecaytimeof thesemodes(i.e. ameasurementof Q) is interestingbecauseit providesinformation
onthecharacteristicsof themirrors;theQ is linkedto thelossanglefor thedissipationmechanism.TheexpectedQ value

3The legrangianfunction for a systemof n coupledoscillatorhasa generalform: L =
P

ai;j _x i _x j + bi;j x i x j . To computethenormalmodes
of n coupledoscillatorsone hasto solve the systemof n lagrangianequations. Solutionsare non linear functionsof the propermodes: 
 j =
F j (! 1 ; ! 2 ; :::; ! n ) Thus,thehighermodeof orderm th is: 
 j;m = F j (m! 1 ; m! 2 ; :::; m! n ), whichdoesnotscalelinearly with m.
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Figure20: Identi�ed mirror drum modes(top) andthecandidatedrum modeof theBS mirror (bottom)in theC7 dark
fringephotodiodesignal.
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Figure21: The1st to 4th orderviolin modesof themirror suspensionwiresasseenonthePr_B1_ACpphotodiodespectra
(with 100s resolution).Squarepointsmarkthepeaksidenti�ed by theline searchalgorithmrun (with 13sresolution).

Figure22: Zoomin of theoverlapof somefundamentalviolin modesandtheirsecondandthird harmonics.
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Figure23: Time frequency mapof 1800sof whiteneddarkfringedata,startingright aftera lock acquisition.This shows
thering down of someviolin fundamentalmodes.Themosthighly excitedoneslikely correspondto theNI mirror which
receive thecorrectionsignalfor 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 BS wires,violins (largestpeakat 167Hz) 552� 23
300-400 NE,WE,NI,WI violins 520� 27
600-700 NE,WE,NI,WI violins (2nd mode) 214� 13

Table6: Decaytimesof mirror andwire modesasmeasuredby anexponential�t to thebandlimited RMSnoiseandlines' amplitude
computedby the NonStatMoni. The“expectedTau” columnlists thedecaytimesof mirror modesmeasuredin C2 [12] by purposely
exciting theindividual mirrors.

for the3900Hz mirror drummoderangesfrom 4 � 105 to 1:2 � 106 which correspondsto decaytimesfrom 34 to 98 s
(Q = � f � )[12][16].

A roughmeasurementhasbeenperformedusingthebandlimited RMS andlines' amplitudedatacomputedby theNon-
StatMoni. The decaytimeslisted in Table6 arecomputedby �tting the datawith an exponentialdecay(Ae� t=� ) (see
the examplein Figure24). The estimatehasbeenrepeatedfor several (N= 13 to 20) lock acquisitionsandtheaverage
valuesarelisted in Table6. Errorsarecomputedas� =

p
N , where� is thestandarddeviation of thesampleof repeated

measurements.

TheseareroughestimatessincetheRMS computationaddsto therealfrequency peaka signi�cant amountof noise.An
effective measurementcouldbedoneby extractingthesinglemonochromaticsignalwith adaptive �lters andperforma
�t of its decayamplitude.

We testedthis procedureon thebutter�y modesof theendmirrors. We usedabout200sof thedark fringe photodiode
signal(Pr_B 1_AC p sampledat20kHz)startingatGPStime81774196,thatis right aftera lock acquisitionis concluded
(i.e. ALP “step12” is set).We �rst �ltered thesedatawith anadaptivenotch�lter with centera frequency equal3884.17
Hz, whichcorrespondsto thefrequency of theNE mirror mode.In orderto reducethenumberof �t pointswe�rst shifted
the frequency of themodeby modulatingthesignalwith a sinuswave at 3380Hz andthendownsampledthe to 10 Hz.
In this wasthenumberof pointswasreducedfrom about40 millions to about2000which couldbemanagedby the �t
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Figure24: Decayof theamplitudeof thefrequency line(s)at3884� 1H z afteronelock acquisition.Thegreenline is an
exponential�t with a ring-down lifetime of 94s.

program.Thepeakfrequency of theNE mirror modewasthusshiftedfrom 3384.17Hz to 4.17Hz, but we did not loose
any informationusefulfor the �t. Thespectraof thedownsampledsignalis in Figure25(top). We then�t thesignalto
thefunction:
y(t) = a1 � exp� t=� 1 � sin (2� f 1t + � 1) + a2 � exp� t=� 2 � sin (2� f 2t + � 2),
wheref 1 = 4:17H z (�x edparameter),andthesecondtermaccountsfor theresidualbeatingwith thesamemodeof the
WE mirror which is very closein frequency (f 2 = 4:60H z, this wassetaswell as�x edparameterof the �t). We used
cheCERNpackageMINUIT, from thePAW program,to performthe�t. We obtainthefollowing result:

A1 = 0:862� 0:003,

A2 = 0:820� 0:004,

� 1 = (118:1 � 0:6)s,

� 2 = (61:3 � 0:4)s,

� 1 = 3:697� 0:002,

� 2 = 3:003� 0:003.

Thechi squaredof the�t is 1:3. Figure25showstheresultof the�t.

Thefrequenciesof thesewire andmirror modesarein theaudibleband(about20Hz to 20kHz),andthe�rst violin modes
arecloseto a“MI” tone(329.63Hz). Wehaveisolatedsomeof thesewiresandmirror soundsby applyinganarrow band
pass�lter . Audible (.wav) �les arestoredat http://wwwcascina.virgo.infn.it/DataAnalysis/Noise/doc/musicaRing-Down/.
These�les havebeenused,togetherwith other“Virgosounds”,in amusicalperformance,namelypartof thecelebrations
of the500yearssinceGalileoGalilei (Pisa,June2006:http://www.sidereusnuncius.net/sidereus/index.html).
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Figure25: Fit of the3884Hz resonancesdecay. Top plot: spectrumof thesignalafter thepreprocessingsteps(notchedat 3884Hz
with theadaptive �lter , modulatedat 3380Hz,anddownampledat 10Hz). Thetwo peaksaretheWE andNE mirrorsbutter�y modes.
In magentais thespectrumof thesignaly(t) which is assignedtheparametervaluesresultingfrom the�t. Units areH z (horizontal)
andarbitrary(vertical). Middle plot: resultof the�t over thefull time period.Units ares (horizontal)andarbitrary(vertical). Bottom
plot: zoomover 10s.
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Figure26: Top plot: aliasingeffectsin thedown sampledh_4kHzdata,areevidencedby comparingto h_20kHzdata.Bottomplot:
few examplesof singlere�ection (2406Hz line, 4th harmonicsof turbopumps)anddoublere�ections (5545,5584and5586mirror
modes).

8 Aliased lines

We realizedthat a few of the lines in the PSSlist are the result of the aliasingof higher frequency lines. Figure26
illustratesonesuchexample. The PSSgroupusedfor their analysisthe h_4kH z channelwhich is the h-reconstructed
channeldown-sampledfrom 20kHz to 4 kHz. The down-samplingprocedureappliesanti-aliasing�ltering to the data
usingone6th orderButterworthwith acut-off at2000Hz. Figures26 illustrateshow 300sspectraareclearlyaffectedby
aliasing.Sergio Frascareportedonaliasingeffectsin PSSsearches,andmadea proposalfor moreef�cient �lters [14].

9 Conclusions

We havedescribedtheanalysisof spectrallinesin thedarkfringephotodiodesignalof C7run. Weadopted,asanew line
catalog,the frequency peaklist producedby theanalysispipelineof the periodicsignalsearch.This catalogcompares
well with the outputof our line searchalgorithm. The new methodhasvariousadvantageous.It pro�ts from the data
cleaningperformedby thePSS,it hashigh resolution(at last1000s,up to 16000sfor the low frequencies),andlastbut
not least,beingthatit is a byproductof thepulsarsearchanalysisit would comewith no additionalcomputationalcosts.
Instead,the searchalgorithmis to be preferredfor the purposeof the on-line monitor of lines that do not requirehigh
resolutionbut quick dataaccess.It couldbeadvantageousto adoptthe line selectionalgorithmimplementedwithin the
NonStatMoniwhichcurrentlyoutputsits list of linesto theframetrenddata.

The newly implementedenvironmentalcoherencecatalogand the multi-coherenceappliedto environmentalchannels
proved to be very usefultools in identifying lines of environmentalorigin, andalsoproviding an aid in the locationof
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thesenoisesources.Eventually, experimentalhuntsallowedus to preciselylocatethesourceof several lines. Thus,we
wereableto identify mostof thelinesin our list of detectedlines.Wehavestoredtheinformationaboutall detectedlines
(TableA1) in theon-lineline database[15] whichhasrecentlybeenupdatedandmovedto https : ==pub3:ego� gw:it= -
l inesdb=.
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Appendix

In tablebelow we list thelinesdetectedin thedarkfringe photodiodesignalin runC7 which hadSNRabove5. We used
thesearchalgorithmandappliedthepost-processingrequestsdescribedin Section2. Frequency resolutionof thesearch
algorithmwas13s(0.00763Hz), and the SRN cut wassetat 5. Herewe list separately(bottom) the identi�ed 50Hz
harmonics.We alsoindicatetheorigin of theidenti�ed lines. Widthsarecomputedasthenumberof frequency binsthat
aremergedby thepostprocessing,thusareintegermultiplesof thefrequency resolution.
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Linesdetectedin C7,channelP r _B 1_AC p SNR>5,frequency resolution0.076Hz

Fpeak (Hz) width (Hz) alsoin C6 Comment

0.19 0.15

0.69 0.31

1.22 0.076 mirror suspensionTy

3.20 0.076 mirror suspensionTx

24.64 0.076 scroll pumpIB, reducesafterh 25 (tuneof mod. frequency)

25.06 0.15 reducesafterh 25 (tuneof mod. frequency)

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 environment,reducesafterh 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 turbocoolingfans, 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 BS wires,1stviolin mode

332.79 0.38 YES Largemirrorswires,1stviolin

333.37 0.15 YES Largemirrorswires,1stviolin

334.01 0.076 YES Largemirrorswires,1stviolin (possibly2ndviolin BS)

335.08 0.076 YES Largemirrorswires,1stviolin

337.07 0.23 YES Largemirrorswires,1stviolin

353.01 0.076 YES calibrationline

355.00 0.076 YES calibrationline

357.02 0.15 YES calibrationline

601.46 0.15 YES TurbopumpIB (rotationfrequency)

665.13 0.23 2ndviolin mode

665.82 0.076 2ndviolin 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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Linesdetectedin C7,channelP r _B 1_AC p SNR>5,frequency 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(2ndharmonic)

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 this is 4168.89thatjumpsto 4218.94at abouth 25

5529.29 1.07 jumpsfrom 5523.00athour30

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:BSmirror 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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Linesdetectedin C7,channelP r _B 1_AC p SNR>5,frequency resolution0.076Hz

Mainsandharmonics:19 lines
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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