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Coherent line removal: Filtering out harmonically related line interference
from experimental data, with application to gravitational wave detectors
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We describe a new technique for removing troublesome interference from external coherent signals present
in the gravitational wave spectrum. The method works when the interference is present in many harmonics, as
long as they remain coherent with one another. The method can remove interference even when the frequency
changes. We apply the method to the data produced by the Glasgow laser interferometer in 1996 and the entire
series of wide lines corresponding to the electricity supply frequency and its harmonics are removed, leaving
the spectrum clean enough to detect possible signals previously masked by them. We also study the effects of
the line removal on the statistics of the noise in the time domain. We find that this technique seems to reduce
the level of non-Gaussian noise present in the interferometer and therefore, it can raise the sensitivity and duty
cycle of the detectorgS0556-282(198)03424-9

PACS numbes): 04.80.Nn, 07.05.Kf, 07.50.Hp, 07.60.Ly

[. INTRODUCTION corresponding to the electricity supply frequency and its har-

monics. As a result the interference is attenuated or elimi-

In this paper we present a new procedure to remove exdated by cancellation in the time domain and the power spec-

ternal interference from the output of gravitational wavetrum appears completely clean allowing the detection of
(GW) detectors. This method allows the removal of phasesignals that were buried in the interference.

coherent lines, not stochastic or{esch as those due to ther- ~ The removal improves the data in the time-domain as

mal noise, while keeping the intrinsic detector noise. The Well. Strong interference produces a significant non-

method works so well that real gravitational wave signalsGaussian component to the noise. Removing it therefore im-
masked by the interference can be recovered. proves the sensitivity of the detector to short bursts of GW's.

Our method requires coherence between the fundamental 'I;_he rest (cj;fft_he p;;:lpel’ ;sl_organlzeda‘?s;ollows_. In the Inext
and several harmonics. If there is no such coherence, oth&FCHoN We Jelin€onerent lin€ removaand we give an al-

methods are availabld—3], but these methods will remove gorithm for it. Ir) Sec. lllwe apply the meth_od to remove the
: ) . ) ; 50 Hz harmonics from GW interferometric data. First, we
real signals as well. It is “safe” to apply this technique to

itational data b ¢ that coh focus our attention to the performance of the algorithm on
graviiational wave data because we expect that CONereyy,, ninytes of data and we check what happens to a signal
gravitational wave signals will appear with at most the fun-

X N masked by the interference. Then, we implement an auto-
damental and one harmorfié]. The information in the har-  atic procedure to clean the whole data stream. We have to

monics of the interference can be used to remove it withougg|ye some difficulties such as the presence of small gaps in

disturbing “single-line” signals. Therefore, this method can ipe data. We present the results obtained and we show how

be very useful in the search for monochromatic GW signalsihe electrical interference is completely removed. Moreover,

such as those produced by pulsgsss]. we study the effects of the line removal on the statistics of
The method can be used to remove periodic or broadthe noise in the time domain. We compare the mean, the

band signalge.g., those which change frequency in time standard deviation, the skewness and the kurtosis of the data

provided their harmonics are sufficiently strong and numerbefore and after the line removal and we also study the

ous, even if there is no external reference source. Th&aussian character. We apply two statistical tests to the data:

method requires little or na priori knowledge of the signals the chi-square test and the Kolmogorov-Smirnov test. Fi-

we want to remove. This is a characteristic that distinguishegally, in Sec. IV we discuss the results obtained.

it from other methods such as adaptive noise cancelling

(ANC) [7], which makes use of an auxiliary reference input || e PRINCIPLE OF COHERENT LINE REMOVAL

derived from one or more sensors. Although in some cases

ANC can be used without a reference input, it is not clear In this section, we defineoherent line removadnd give

how ANC can, in those cases, cancel harmonics of broadan algorithm for it.

band signals and at the same time detect weak periodic sig- We suppose that a certain interference signé) (e.g.,

nals masked by them. This is particularly important in gravi-50 Hz interference from the main electricity suppbnters

tational wave detection, where signals can be as high as the system. It may already contain harmonics, and nonlinear

kHz while the interference has a fundamental frequency oéffects in the system electronics may introduce further har-

50 or 60 Hz. monics. If the processes that produce the harmonics are sta-
In this paper, we illustrate the usefulness of this new techtionary, then we expect the phase of the harmonics to be

nigue by applying it to the data produced by the Glasgowsimply related to that om(t). In particular, we assume that

laser interferometer in 1996 and removing all those lineghe interference has the form
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X(v) v<v<wg,

(6)

y(t)=2 a,m(t)"+ (@,m(t)"*, (N "Z'k(v)E(
n 0 elsewhere.

wherem(t) is a nearly monochromatic function,are natu-  Comparing Eq(6) with (1) and(5) we have

ral numbers, and, are complex constants that depend on -

the processes that generate the harmonics, and which are not Z( v)=akm"( v)+ T (v), (7)

known a priori. We suppose thain(t) is a narrow-band

function near a frequendy,. Then, thenth harmonic willbe ~ where

nearnfg. _

The total output of the system also contains noise and ~ _ N(v)  vie<v<wy,
possibly other signals. Usually, the data recorded is band- fi(v) = 0 elsewhere,
limited, since an anti-aliasing filter is applied to the data
before it is sampled. Therefore, the functig(t) must be is a zero-mean stationary random complex noise. Then, we
band-limited as well, and the number of harmonics to becalculate their inverse Fourier transform
considered is finite. This number,,,, is given by the Ny- ‘
quist frequency and the frequency of the fundamental har- z () =am(t)"+ny(1). ©)
monic f:

®

Since we assumm(t) to be a narrow-band function near a
) frequencyf,, eachz,(t) is a narrow-band function ne&if.
It corresponds to one of the harmonics of the external inter-
The key to this method is to estimate the interference byerence plus noise which is independent in the different fre-
using many harmonics of the interference signal and to conquency bands considerégd,(t) for differentk], since it is
struct a function produced by a stationary process.
Now, we definé

Nmax™ 1ENyquist/fO_ 1

nmax

h(t)=n§=}l PaM(D)"+ (pM(1)")* € Bi(t)=[z,(t)]*, (10)

that is as close a replica as possibley@f). This function is that can be rewritten as

then subtracted from the output of the system cancelling the B, (1) = (a0 ¥*m(t) B,(1), (11)
interference. If there is a narrow gravitational wave signal

within a frequency band obscured by a particular harmonicwhere

it can still be present after line removal, because it will not

match the form of the signal being removed. Moreover, be- ne(t) 1

causeh(t) is constructed from many frequency bands with B(t)=|1+ am(t)k (12
independent noise, the statistics of noise in any one band are

little affected by coherent line removal. All these stochastic functiondB,(t)} are almost monochro-

Therefore, we have to design an algorithm to determinenatic around the fundamental frequenty but they have
the complex functionM(t) and all the parameters, that different mean values
minimize the total output power. Notice that, from the ex-
perimental data, we do not independently know the value of (Bi(1))=(a ™ m(t). 13
the input signain(t). . . .

As pointed out before, we assume that the data produced€Y differ by a certain complex amplitude. In order to es-
by the system is just the sum of the interference plus noisiMate the interferencé(t), we need to define another set
[we ignore here any signals not of the foft] of functions

X(1)=y(t)+n(t), (4) by(t)=am(t) Bi(t), (14)

wherey(t) is given by Eq.(1) and the noisen(t) in the suqh that, these_new funptionﬁlsk(t)} form a set of random
detector is a zero-mean stationary stochastic process. TH&"ables—functions of time—and they all have the same
Fourier transform of the daf&(v) is simply given by mean value

X(v)=Y(v) +Ti(v). (5) (bi(t))=am(t). (15

Choosing a subset of harmonifs}, or all of them if one
prefers, the idea is to construct the functldift) by extract- 1, order to perform this operation numerically, we sepazate)
ing the maximum information from the harmonics consid-jnio amplitude and phasezf(t) = A, (t)expli ®(t)), whereA(t)
ered. The procedure consists in determining the upper anghdd,(t) are real functioris Then, we correct the phase angle by
lower frequency limit of each harmonic considered,adding multiples of+ 2 in order to make it continuous and pre-
(vik,vsk), and defining a set of functiorig(v) in the fre-  vent branch cut crossing. We construd,(t) as By(t)
guency domain as =A (1) Y¥ exp(i P (t)/K).
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The functionsh,(t) are constructed multiplying the previous which is the form we use in our algorithm. One can also
functionsB,(t) by a certain complex amplitudé, minimize the total output power in the frequency domain,

Y _h 2
bk(t):FkBk(t) (16) |X(V) h(V)| . Then, we get

The values of'y can be obtained from a least square N i h AT s ~ . 2
method, comparing the first harmonic consideied,), with pn—Ej: X(JAv)M7(jAv) EJ: IMPGAVI% - (24
the other ones(i.e., I'y are the values that minimize

_ 2 -
[Biy (1) = TiBy()|* for eachk). We find wherej is now the frequency index.

T=, By (jAt)B(jAL)* B.(jAt)]%, (1
K 2 k(l)(J )k(J )/$| k(J )l (7) I1l. REMOVAL OF 50 Hz HARMONICS FROM THE

) ) INTERFEROMETRIC DATA STREAM
where At corresponds to the time interval between two

samples, so that the sampling frequency is equal Ad,1# In this section, we present experimental results that dem-
denotes the complex conjugate, and the indexounts oOnstrate the performance of the coherent line removal and
sampled points in the time domain. show its potential value. This new technique is applied to the

Now, we want to construcM(t) as a function of all data produced by the Glasgow laser interferometer and the
{b(t)}, in such a way that it has the same mean and mini€lectrical interference is successfully removed.

mum variance. If we assume the functibh(t) to be linear ~ In the study of the data produced by the Glasgow laser
with {b,(t)}, statistically the best estimate is interferometer in 19968], we observe in th_e spectrum many
instrumental lines, some of them at multiples of 50 Hz. All
by(t) 1 these lines are rather broad, and when we compare them, we
M(UZ(E m) / (EK m) observe that their overall structure is very similar but only

(18) the scaling of the width is differerisee Fig. 1
If we look at these lines in more detail, in smaller length
The variance of8,(t) can be estimated by doing a Taylor Fourier transformgseconds in lengih they appear as well

expansion of Eq(12), hence we obtain defined small bandwidth lines which change frequency over
. time in the same way, while other ones remain at constant
(NN (™) frequency. Therefore, all these lines at multiples of 50 Hz

Val At ]= k?|am(t)¥? +corrections,  (19) must be harmonics of a single sourder example the elec-

tricity supply), and this makes them good candidates to test
where we can approximate our algorithm.

The same phenomenon is observed in the Garching 30-
meter prototypg9]. The Laser Interferometric Gravitational
Wave ObservatoryLIGO) group has also reported largely
instrumental artifacts at multiples of the 60 Hz line fre-

) , guency in their 40-meter interferome{di0]. Therefore, this
<”k(t)”k(t)*>=f de dv’ (A()R(v')*)e?m =t seems to be a general effect present in the different prototype
(21  interferometers.
In the Glasgow data, the lines at 1 kHz have a width of 5
In the case of stationary noisgi.e., (N(»)(»')*)  Hz. Therefore, we can ignore these sections of the power

lagm(t)¥|2~[z,(1)]?, (20)

and the numerator can be rewritten as

=S(v)8(v—'")], the previous equation becomes spectrum or we can try to remove this interference in order to
be able to detect GW signals masked by them.

<nk(t)nk(t)*>:J' dvf dv'S(v) 8(v— V/)ezmw—y/)t In the large-scale d_etectors now under construction, we

expect the amount of interference to be smaller. Prototypes

such as the Glasgow instrument were designed to test optical

_ | systems, not to collect high quality data, and the effort re-
S(v)dv, (22 ; X oo

Vik quired to exclude interference was not justified by the goals

_ _ _ of the prototype development. However, we cannot be sure

whereS(v) is the power spectral density of the noise. that such interference will be completely absent or that other

After we have estimated the interferend(t), it only  sources of interference will not manifest themselves in long-
remains to determine the parametggsin Eq. (3). They can  duration spectra. Indeed, the Glasgow d&pcontain other
be obtained by minimizing the total output power in the timeregular features of unknown origii1]. For this reason we
domain,|x(t) —h(t)|? (i.e., applying a least square method investigate a solution to this problem using the existing data.
Taking into account that the noise near the different harmon-

ics is uncorrelated, it yields ]
A. Testing procedure

= X(IADMMiAL)* MPGAD[Z (23 As a first test, we apply the coherent line removal to a set
Pn 2 (JAUMAGAL /2 IMPGADI (29 of 2° points (approximately two minutgsof the Glasgow
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FIG. 1. Comparison of the structure of the lines at 250 Hz and at 350 Hz of the power spéatrmin) of the Glasgow data. The
broad shape is due to the wandering of the incoming electricity frequency.

data. The stretch of data selected corresponds to a period f#quired depends, in each case, on the strength of the har-
time in which the detector is on lock and the level of noise ismonics considered, more precisely, with the ratios

low. (n ()N ()* )/ |aym(t)"|?, appearing in Eq.(19), which
After calculating the discrete Fourier transfof®FT) of  should be smaller than one.
this piece of datdusing the fast Fourier transforfFFT) Now, we are interested in studying what will happen to a

algorithm|, we notice that the odd harmonics of the 50 Hz signal masked by the interference. For this purpose, we apply
line are much stronger than the even ones. Thus, in order tcoherent line removal to the true experimental data with an
construct the reference wavefoh(t), we choose a set of external simulated signal at 452 Hz, that is initially hidden
ten harmonick={3,5,7, . .. ,2%, corresponding to the lines due to its weakness.
at frequencies 50k(i) Hz. We also give as inputs the cor-  First, we take into account not to consider the harmonic
responding upper and lower frequency limits of each of thes@ear 450 Hz as an input to estimate the interferévi¢e). In
harmonics, ¢;, ), that are obtained from the power spec- this case, we succeed in removing the electrical interference
trum. while keeping the signal present in the data, obtaining a clear
The first difficulty that arises is to estimate the poweroutstanding peak over the noise level and whose amplitude is
spectral densityPSD of the noise(without the external not modified(see Fig. 3.
electrical interferengein those frequency bands correspond- However, now we apply the same procedure, but includ-
ing to the harmonics considered. In the absence of any extiag the harmonic near 450 HX€9). In this caseM(t)
information, we assume the PSD is constant in each freeontains a low-level of signal component in addition to the
guency band and we calculate its value by averaging thelectrical interference. This signal component causes a can-
PSD in the nearness of the line considered. With all thiscellation of the 25.4% of the amplitude of the line at 452 Hz
information, we apply the line removal and we successfullyand also the appearance of weaker signals under the other
remove the electrical interference as it can be seen in Fig. harmonics. The amount of signal distortion depends basi-
We have repeated the procedure considering only six haeally on the variance oBg(t) with respect to the other ones.
monics, k={3,5,7,9,11,18 and, surprisingly, the interfer- Any of the harmonics considered in the construction of
ence still remains below the noise level showing the powethe reference functioM (t) may contain a “single-line” sig-
of this algorithm. The method requires further stu@y., nal we want to recover, b priori, we will not be able to
with simulated noise and different signala order to char- say which one is masking a signal. The key is that gravita-
acterize how its performance depends upon the number dional wave signals will not be present with multiples har-
harmonics and their strength. Of course, in order to obtain anonics. Therefore, after applying the line removal, we will
minimum variance foM (t), the larger number of harmonics have a candidate line. If we are interested, we can repeat the
considered the better. The minimum number of harmonicgrocedure without using the “dangerous” harmonic and
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FIG. 2. Decimal logarithm of the periodogram of®Doints (approximately 2 mipof (a) the Glasgow data with the detail of one of the
harmonics near 754 Hzb) The same data after the removal of the electrical interference as described in the text.

hence, we can make use of the whole power of the algorithngroups of 64 blockgapproximately 1 min of dajaand, for
With this aim, it is better to consider the lower harmonics,each of them, the coherent line removal algorithm is applied.
since their frequency bands are narrower and also the prob- The first difficulty that arises is how to deal with the
ability of having a thermal line buried with them may ac- “bad” blocks. In some cases, the detector is out of lock and,

cordingly be lower. in other ones, the level of noise is very high. Since this
method is based on Fourier transforms, the suggestion of
B. Automatic cleaning of the whole data stream defining a window function that vetoes the “bad” data pro-

The next step consists in removing the electrical interferduces that each real feature in the spectrum be accompanied
ence from the whole data stream making use of an automatfy horrible side lobes and satellites features, the structure of
procedure. which depends in detail on the distribution of those gaps. In

The Glasgow data consist of 19 857 408 points, sample@rder to reduce these effects, we realize that it is better not to
at 4 kHz and quantized with 12 bit analog-to-digital con-remove the “bad” data, but to divide each “bad” block by
verter (ADC) with a dynamical range from10—-10V. The its standard deviation. Of course, the “bad” blocks are not
data are divided into 4848 blocks of 4096 points. For each ofaken into account in order to determine the parameigrs
these blocks, the standard deviation is calculated and, degiven by Eg.(23). This is done multiplying the function
pending whether it exceeds a certain value, the whole blocM (t) and the input data by a window function, such that, it is
is classified as “bad.” equal to zero for each block of “bad” data and one other-

The first 18 min of data are rendered useless due to wise. As a result, all “bad” data are set to zero in the output.
failure of autolocking. Therefore, we decide to ignore the Another important issue is to design strategy to detect the
first 1153 blocks. The rest of the data are separated intbarmonics of the electricity supply interference, and deter-
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FIG. 3. (a) Zoom of the same experimental data as in Fig. 2 with ~ FIG. 4. Comparison of a zoom of the spectrogram. The dark
an artificial signal added at 452 He) The data in(a) after remov- ~ areas correspond to the periods in which the detector is out of lock.
ing the electrical interference, revealing that the signal remains del® is obtained from the Glasgow data. We can observe the wander-
tectable. ing of the incoming electrical signal. The other two remaining lines

at constant frequency correspond to violin mod@s. The same

mine their upper and lower frequency limits without interact- SPectrogram as i@ after applyi_ng coherent line removal, showing
. . . . how the electrical interference is removed to below the noise level.
ing with the program. This is not an easy task, since the
noise level is very high, the lines are broad, they vary in
time, and they are partially hidden by the noise. Also, the Our criteria consists in lowering the threshold until there
presence of violin modes closed to the harmonics, or comis a certain minimum number of points over it. This number
pletely overlapping with them, makes it more difficult. is set depending on the length of the datamber of blocks
The method we have used consists in computing theised and the harmonic considered. Then, we find the loca-
power spectrum for each piece of the datéth the electrical tion of, not the first but, a certain-point p(n) that stands
interferenceé and we search for the location of the first har- out of that threshold and we consider the first point of the
monic considered. We calculate the mewag,, and the stan-  line to bep(n)—n. A similar procedure is applied for the
dard deviationr, () in a certain frequency interval which we last point. In case that there is just one signal present in this
are sure contains the first harmonic. Then, we search in detditterval, we would expeqgb(n) —n to be similar top(1), but
for ten harmonics in the frequency bands centered respe@ case that, for example, a violin mode is very close to the
tively at my(;)k(i)/k(1) and which amplitudes are propor- harmonic(but not overlapping with jt then we hope that the
tional to oy(1)k(i)/k(1). In each band, we set a threshold quantity p(n) —n would lie between the two lines. Finally,
depending on the mean and the variance of the power spethe initial and final points are shifted until they reach a local
trum at the ends of those intervals. We determine the pointminimum of an averaged power spectrum.
which are over the threshold, and from them, we try to de- We solved these two questions, executing our program
termine the nearest points to the beginning and end of thesingMATLAB software running on an SGI-Origin 2000 and,
corresponding line. One has to be careful, since violin modeafter approximately 140 min CPU time, the data is stored
(i.e., the transverse modes of the suspension yitas be almost clean of electrical interference.
present and stand out of the threshold, and also, the harmon- To show the result of the program, in Fig. 4, we compare
ics considered can be partially under it. a zoom of the spectrogram for the frequency range between
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740 and 760 Hz. There, we can see the performance of the 10
coherent line removal algorithm, comparing how a line due gl
to an harmonic of the electrical interference in the initial data
is removed. We notice that the algorithm did not work prop-
erly for two sets of blocks: 1730-1793 and 3213-3276. In
both cases, this is caused by the presence of a huge number
of “bad” blocks corresponding to periods in which the de-
tector is out of lock.

In order to reduce the noise variance and see the quality
of the performance of the coherent line removal, we calculate
an average periodogram using Welch’'s overlap method

Standard deviation [Volts]
(3]
1

[12,13. We remove the two sets of bad data, we divide the _ ; ;

rest into sets of 128 blocks with overlaps of 64 blocks, and 1 Mr”lr““*ﬁl] | f‘T”’I'”l"‘I:l T
we average over the short periodograms. By doing so, we 0 A (Y B P B T BT B
observe how the harmonics of the electricity supply fre- 0 1000 2000 = 8000 4000 5000

qguency still remain undetectable over the noise level. Also,
we discover a series of thin features at 701, 1002 and 1503 FIG. 5. The solid line(top ong corresponds to the block stan-
Hz, and the presence of violin modes at 853, 1451 and 175d@ard deviation of the Glasgow data. When the detector is on lock,

Hz that were buried with the electrical interference before. its typical value is 1.50 V. However, when the detector is out of
lock, this value grows up to 10. The dashed libettom ong cor-

responds to the standard deviation of the data after removing the
electrical interference. Its typical value is now around 1.05 V.
After removing the electrical interference, we are inter-
ested in studying possible side effects on the statistics of thevents that lie between different equal intervals, before and
noise in the time domain. after removing the electrical interference.
For both sets of data, we calculate the mean, the standard |nstead of plotting the number of events versus its loca-
deviation, the skewness and the kurtosis of each block, angon, we plot their logarithm as a function of € u)?, where
we compare the values obtained. We observe that the meanis the central position of the interval considered anis
is hardly changed and its value is almost constant arounthe mean(see Fig. 6. In case that the noise distribution

—0.018+0.002 V for the “good" blocks. By contrast, a big resembles a Gaussian, all points should fit on a straight line
difference is obtained for the standard deviation. In the Glas-

gow data, we see that the standard deviation is not uniform,
it tends to increase, specially during an on lock period until

the detector goes out of lock and its average value is around
1.50 V. After the line removal, we observe the same behav-
ior, but for each block, the standard deviation is reduced by
0.45+-0.05 V, obtaining an average value around 1.05 V

(see Fig. 5.

The skewness characterizes the degree of asymmetry of
the distribution around its mean. The value for each block
changes from—0.015+0.060 in the original Glasgow data,
to —0.005+0.040 after the line removal. The kurtosis mea-
sures the relative peakedness or flatness of a distribution with
respect to a normal distribution. In both sets of data, the 0 S R 0
kurtosis fluctuates from a slight negative value to a large (x-w? [Volts’]
positive one. For the Glasgow data, the kurtosis is concen-
trated around-0.35+0.15, obtaining a maximurtisolated
value of 7.8, and after removing the electrical interference, i

C. Effects on the statistics

log N

log N

FIG. 6. Comparison of the logarithm plot of the histogram for
{he blocks 4111 to 4520 as a function of«{u)?. The circles
correspond to the Glasgow data and the stars to the same data after

. N L o
IS arourlld 0.15 ?Hls' ;I]'l:re('ref?rf,dlt 'S.kmUCh Clloser toﬂt_]he removing the electrical interference. The Glasgow data is character-
Z€ro vaiue, even thoug eolaled SpIkes are larger, e ;.4 by u=—0.0182 V ando=1.5151 V. After the line removal,

highest value being 16.7. The kurtosis value gives an ideg,, jiain the values fi=—0.0182 V ando=1.0449 V. In the
how Gaussian the noise is and whether it has a large tail Q{ghi_hand corner, there is zoom of the original figure, but rescaled

not. A value near zero suggests a Gaussian nature, andsg that the abscissa corresponds xo- )%202. If the data re-
positive value indicates that the distribution is quite peakedsembles a Gaussian distribution, we will expect a single straight

Since both values, the skewness and the kurtosis, are gettinge of slope— 1. This is not the case for the Glasgow data, but it
closer to zero after the line removal, we are interested iseems to be satisfied for the clean data upsohe large number
studying the possible reduction of the level of non-Gaussiamf points in the highest bin of the Glasgow data is an effect of
noise. To this end, we choose a set of 410 blocks of “good”saturating the ADC. These points are spread to higher and lower
data and we study their histogram, calculating the number ofoltages by line removal.
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FIG. 7. Comparison of the block chi-square tdsij: for the Glasgow datab) after the removal of the interference.

of slope —1/20%, where o is the standard deviation. We dard deviation can explain how, in some “isolated” cases,
observe that this is not the case. Although, both distributionshe kurtosis value grows so much.
seem to have a linear regime, they present a break and then ain order to study the Gaussian character, we apply two
very heavy tail. The two distributions are very different. This statistical tests to the data: the chi-square [t&4} that mea-
is mainly due to the change of the standard deviation, thagures the discrepancies between binned distributions, and the
has a value obs=1.5151 V for the original Glasgow data one-dimensional Kolmogorov-Smirnov tekt5] that mea-
ando.=1.0449 V after removing the interference. _sures the differences between cumulative distributions of a
We can zoom the "linear” regime and change the scale incontinuous data. Both tests can be applied to our data since

the abscissa tax(- :“)2/(2?2)- Then, any Gaussian distribu- e can always turn continuous data into binned data, by
tion should fit into a straight line of slope 1. We observe  grouping the events into specified ranges of the continuous
that after removing the interference, it follows a Gaussian,gyiaple.
distribution quite We_II up to 4. _Whe'reas, the original Glas-  We compute the significance probability for each block of
gow data does not fit to a straight line: The slope changes; the data using both tests and we check whether the distribu-
does not correspond to the right one; and close to the origifjon are Gaussian or not. The two tests are not equivalent but
it is flatter than a Gaussian dye to the negative kurtogls valug, any case, the values of the significance probability would

~ We can study the population of the noise in the tail of thepe ¢lose to unity for distribution resembling a Gaussian dis-
distributions and see how it is affected by the line removalyipution (see Figs. 7 and)8
The number of events that exceeds thg V is of 60 in the In all cases, we find that the data deviates from a Gaussian
Glasgow data and of 51 after removing the interferencegjstripution by a wide margin. Although, for some blocks we
meaning that the events are now concgntrated at lower VO'(get a high significance probability, this cannot be taken as
ages. But, one can be more interested in comparing the NUnye dominant trend. As a result of both tests, we note how the
ber of events that exceeds a certain standard deviation valugignificance probability increases after removing the electri-
The population outstandingoSis just 51 for the Glasgow cg| interference, showing that this procedure suppresses
data, but of 96 after the line removal. This higher number ofggme non-Gaussian noise, although, generally speaking, the

events in the tail is due to the big reduction of the standargyistribution may still be described as being non-Gaussian in
deviation value, since the same value corresponds to @ cnparacter.

much lower voltage.

The Glasgow data has a dynamical range frettO to
+10 V, as it was defined by the computer board they use.
After removing the electrical interference, we observe events We have described a new exciting technique for removing
at 11.8 V. This implies that the amplitude of the signal wetroublesome interference from external coherent signals
remove is of at least 1.8 V. This high signal amplitude, to-(such as the electricity supply frequency and its harmgnics
gether with the previous existence of events close to the limitvhich can obscure wide frequency bands. This approach can
of the dynamical range allowed, and the decrease of the stateave the spectrum clean enough to see true gravitational

IV. DISCUSSION
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FIG. 8. Block Kolmogorov-Smirnov testa) for the Glasgow datab) after the removal of the interference.

waves that have been buried in the interference. Thereford¢he interferencéand all the harmonigsdoes not need to be
this new method appears to be good news as far as searchisttionary, i.e., the parameteas in Eq. (1) may change in
for continuous waves is concerned. time. We only require that the process could be considered
We have applieccoherent line removalo the Glasgow stationary for those time scales in which the algorithm is
laser interferometer data and we have succeeded in removirgpplied. For every small piece of data, the reference function
the electrical interference. By doing so, we have discovered!(t) and all the parameters, are calculated allowing any
some new thin features at 701, 1002 and 1503 Hz, and algmossible changes. This method can be considered as an adap-
some violin modes at 853, 1451 and 1750 Hz that werdive method that has the ability to adjust its own parameters
masked by the interference in the original data. automatically and requires little knowledge of the signal we
The results of the previous section indicate tbalherent  want to remove.
line removalcan also reduce the level of non-Gaussian noise. Coherent line removaiay have more applications, not
This result is very encouraging for large-scale interferom-only for the detection of GW radiation, but also, for example,
eters. Nicholsoret al. [16] reported that the effective strain in radioastronomy or in other completely different fields.
sensitivity in coincident observations for short bursts in the We hope that the results described before will encourage
time scale, was a factor of 2 worse than the theoretical begithers in testing and applying this new technique to other
limit that the detectors could have set, the excess being dygroblems.
to unmodeled non-Gaussian noise, and they also indicate that
reducing this non-Gaussian noise could raise the sensitivity
and duty cycle of working detectors close to their optimum
performance. We would like to thank C. Cutler, A. Kilak, M. A. Papa
Coherent line removatan be applied to any kind of co- and A. Vecchio for helpful discussions, and J. Hough and the
herent interference signal. It only requires phase-coherenggravitational waves group at Glasgow University for provid-
between the fundamental and several harmonics. Since thieg their gravitational wave interferometer data for analysis.
algorithm can be applied recursively for small pieces of aThis work was partially supported by the European Union,
long data stream, the global physical process that producéEBVIR Contract No. ERBFMBICT972771.
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