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Relative displacements (=105 m) of different points on the Earth are detected using the optimalfdzitzbal

seismic antenna, corresponding signals lie in planes perpendicular to the mioéthie radiation source, have a

high degree of elliptical polarization.

The fact of registration gravitational wave confirmed by the detection oftatianal signals for a long time (90
hours) in a frequency band near 6.023 Hz.

Confidence probability of detection of gravitational wave is close itochauses deformation (curvature) of the space
order of 16?*.

The pulsar J0945-4833 is the most probable source of detected G&lssan gravitational radiation expended about

£ =10 on the total energy of the pulsar
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Introduction

Gravitational waves (GW) are an inevitable consequence of the many theories of gravity
[1,2]. Indirectly, GW were identified in the motion of binary pulsars [3].

Gravitational wave stretches and compresses space [1,2]. It causes a relative oscillator
motion of different points of space and it can be registered.

Many works devoted to experiments on the detection of gravitational waves, including
projects based on laser interferometers (LIGO , VIRGO et al.) [1-8].

As a gravity detector is proposed to use the global seismic antenna (GSA), its elements
arbitrary "quiet" seismic stations, the aperture should be about 10,000 km. Registration the relativ
movement of different points on the Earth's surface implemented as a result of optimal processin
data of global seismic antenna (GSA) [9,10]. Using the Earth as a detector of gravitational wave:
is explained in Appendix A.

In this paper we consider the variant of GSA, based on 19 seismic stations of the
International Monitoring System (IMS) of the Comprehensive Nuclear Test Ban Treaty (CTBT),

placed on different continents (Figure 1) [11].
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1. The mathematical model of the gravitational signal
If gravitational wave falls on seismometer (detector) with an angular freqweneQﬂf

in the direction z, then in its own local frame motion seismometer mass element under the actiol

of gravitational waves is described by equations (TT coordinates) [2,12]:

d*’x 1 - z - z
=—(A(t——)x+A(t—— ,
2 2( ( C) L ( C)Y)
d’y 1, - z - z
3 =—(—A (t —— +A(t—)x), 1
R L ( C)Y L ( C) ) (1)
d*z B
dt? =0
BT =—hT =A-2)H7T =h" = At —Z)-perturbation metric
x0x0 y0yO0 + C 77" x0y0 y0x0 x C '

If the source of the GW-periodic waves, the perturbations of the metric also are periodic

functions. Therefore, solving the system of equations (1) are also periodic functions:
x(O)=xt+T),y(t)=y(t+T),T=1/f,
and they can be expanded in a Fourier series:
x(t)= ZaX (n)cos(n-2zft)+b _(n)-sin(n-27ft)
n=1

y ()= iay (n)cos(n-2xft)+ by(n) -sin(n-27ft)

First approximation of these solutions are harmonic components(n=1):
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x,(t)=a (1)cos2xft)+b (1) -sin(2rxft)

v, (t)=a, (1)cos(2rft)+b (1)-sin(27ft)

Fig. 1. Location of selected IMS stations CTBT [5].
1 - three-component station; 2 - seismic array.

For an arbitrary direction of propagation of gravitational-wave signals registered are

represented as:

s(r,t)=a, (f,p)cos2xf(t+7))e +b, (f,p)sin@rf(t+71))e, (2)
r=(k,p).k=r/c,
S(r,t)=(5,(r,t),5,(r,t),0), S(r,t)eL(e,,e,),e, Lp,e, Lp,
S, (r,t)=a_,_ (f,p)cosrnf(t+7)), S,(r,t)=b,  (f,p)sin(2rf(t+71)),

disp disp

orthonormal basige, ,e,,p);
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I'=r(p,A)=Rs(cospcosi ,cospsini, sing) - vector from the center of the Earth to the

point on the surface with coordinafgs,/); Earth radiuse=6371000 m ;
P = (cosppcosip ,cosppsinlp, singp) - vector directed to the point of

the celestial sphel@p,4p)(second equatorial coordinate system).

Signal (2)- the ellipse in the plane perpendicular to the direqiisemiaxis

adisf(f, P) n buisp (f, P).

2. Detector gravitational signals

For the detection of weak GW - signals appropriate to apply the methods of optimal data
processing seismic networkhe detector must perform the detection of elliptically polarized
signal to background seismic noise.

Data recorded by GSA represented as the vector of observations:
y(m)=(y,(m),.y ,(m),..y, (m)

Where y .(m)=s(r,,mAt)+n(r,,mAt),1<m<N;
yl.(m) — registrable seismic wave field (SWF) on tké station;
s(r,,t) -detected harmonic signal on theh station;
n(r,,t) -the seismic noise on tieh station;

r. -vector from the center of the earth to the point of placing of-thestation;

Nst - number of stations seismic netwokk: size of the sample data;

At - sampling interval timefqa= 1/4¢ - sampling frequency.

Characteristics and properties of seismic noise [13 -17]:

- Normal distribution of seismic noise;

- Noise on seismic stations are independent, if stations are spaced apart from one anothe

at distances of several hundred kilometers or more;

- Power spectral densifgn(f)<1018 (m/sf/Hz to “quiet” seismic arrays on total beam;

- Power spectral density decreases with increasing freq@(fy= Gn(1) f 2

- Stationary seismic noise interval =~ 6-8 hours in the frequency band less than 0.1 Hz .
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Functional optimal method of detecting the signal of the form (2) can be represented in the

form of log-likelihood ratio:

(y / S)
P(y/n)

L(y/s)—ln

where y = (yl(t),...,yl.(t),...,yNSt (t));
y,(t) - registrable SWF on thieth station;

P(; /S) (P(; / n)) -joint distribution densityy provided that availability detectable

signal, or lack thereof, respectively.
Since the seismic noise are independent for different stations, the functional (3) can be

written as:

WP/ Ny P19
919=n T 5o AR DY

where P(S/i I 9( F(ﬁy/ n) -the densityy. (1), subject to the signal or lack thereof.

Optimal processing functional when it detects a priori unknown signal of the form (2) is [9]

L,(y)=maxL(y / 0),

where 9 ={d f, p), K f, p), P} —set of signal parameters of the form (2)
Optimal functional estimates the energy of gravitational radiation coming from an arbitrary

point on the celestial spherg(\p) at frequency

E(f,p)=a,(f,p) +b,(f,p)

a (f,p)=w-a, (f,p) b(f,p)=wb, (f,p) (3)

i.e. the energy estimation of elliptically polarized seismic process (EPSP),

(au(f, p) m by (f, p))- semiaxes of the ellipse along speed.
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Estimation of energy is carried out on the time fragmientd + T], wherebyE(f,p) is a

function of the duration timk andT. To estimate the energy 32 directions (beginakere

chosen:

¢, =75 +(k,~1)dp, 2 =(k, ~1)dA,k,=1+4,k, =1+8,dp=45",
di=22.5"

Earlier, using the optimal processing seismic data of the global seismic antern@ (
hours), seven signals were detected with the confidence prob&bilityl-0>0.97[9]. These
signals describe the relative motion of the points of seismic stations placement on different
continents of the Earth.

These signals lie in planes perpendicular to the direction on certain points of the celestial
sphere, have elliptical polarization, the degree of polarization of >90%[9]. These signals
corresponding wave describes the relative motion (=1071°m) different points of the Earth distances
of several thousand kilometers (4,000 to 11,000 km), the theoretical justification of the possibility

of registering such levels found in [9,10].

They cause deformation (strain)iefl02%, wave propagation velocitys> 1.7-108m/s [9].
Next, we consider estimateska{f,p) on the 4-hour fragmentd (= 4 hours).

Averaging the values of the energies at a frequehay space, we estimate the energy

1
received by the antenna at a given frequebgy,(f,t,) = 3—22 E(f,p) on the fragmenty, to+T].
p

Estimating the energy on time fragments ( shift =1 hour), you can get a diagram of
spectraltime analysis , 0 <to< 90 hours ,frequency stei=40/4096 Hz(Fig. 2)They vary in the
range from 1-1072" (m/s} to 35-10°2" (m/sY.
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Fig. 2.The average energies EFSR(f, to) for 00 27.02.2009-18%2.03.2009.
Bandwidth [5.8-6.4 Hz].

It is also possible to estimate the average spectrum of energy for 90 hours observation:

1 89
Eav (f) = % z Eaver (f’to)' ,

£,=0

Euf) — the average energies EPSP in time and space.
Analyzing the Figure 2, one can observe a well-defined signal within 90 (x@udsys)
in the band from 5.99 to 6.05 Hz with a center frequdfney6.023 Hz.

Confidence probability of detection
Assessing the significance level (the error of th&ihd), it is possible to confirm the
hypothesis that the fact that the ejection of energy at the freqfienéy023 Hz is not random.
SpectrunEa(f) (Fig. 3) is the result of averaging 90 energy spectra (including strictly
90/4=22 independent spectra and equal to the number of spectra on disjoint time intervals), and

therefore we can assume tEa{(f) is distributed in almost normal law at each frequency.
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Fig. 3. The average energies EPSP in time and space for 90 hours

Using the values dEa(f) (Fig. 3) at the frequencies of the left and right of the band
[5.99+ 6.05 Hz], we can estimate the mathematical valld(&) ~1.2:1027 (m/s},
rms oeav satisfies: 0.2(m/8¥e eav 107'<0.49(m/s)?.

The amplitude of the ejection @%(fo) =8 -102” (m/sf and SNR = A(fo)/oEav >12.8,
whereA(fo) = A(fo) — M(Eay).

The error of the 1-st kind :

a<P12.8),

whereé = N (0,1)— normally distributed random
variable. The value is close to zero, the confidence level detection sifaal= 1-a is

closeto 1.

Threshold GSA

The minimum value&a(f )(fig.3) determine threshold of GSA at frequencies close to 6
Hz:

- Depsp=10?" (m/s¥ with respect to energy;

- Vepsp~0.3-103 m/s with respect to speed;

- aepsp~0.8-10°m with respect to displacement.

The amplitude of the velocity and displacement are relateAgy= Av/(27-f).
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The average amplitude of detected signals
The average energy of the detected signal at a frequency f = 6.023 Hz for 90 hours is

~0.8:1072 (m/s} (Figure 3), corresponding to the velocity ~ 0.9 - 10®*m/s and the corresponding

displacement

Asignal detec0.9-10%2 m/s/(2r-£)=2.5-10% m. (7)

Thus, it is experimentally confirmed (7) that using the optimal data of global seismic

antenna detected relative motion (=10°m) different points of the Earth.

3. Sources of periodic gravitational radiation

The sources of these harmonic signals naturally associated with pulsars. Figure 2 shows
plot of the signal of the radio emission of pulsar PSR 1919 + 21. It follows from the stability of
the pulsar period, but this property does not apply to the form of these signals. The spectrum c

temporary fragment (Figure 4) is shown in Figure 5.

WJ»LW Mmmuk »

LT

Fig.4. Signals of radio emission PSR 1919 + 21 at a frequency of 72.7 MHz [18].

Pulsar period® was equal to 1.33730113 s ) at the time of its opening.
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Fig.5. The spectrum of radio emission signals PSR 1919 + 21.
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The apparent frequency (Figure 4) of these sigaals= 1/T=1/1.33730113= 0.747 Hz.

The center frequendyen=0.77Hz significantly differs from the apparent frequency, shift

A f=0.023 Hz that is =3% of the center frequency:w ~ 3%.

cent

Instability waveforms radio emission is observed for many pulsars [18,19] so we can
assume that the radio emission of pulsars observed arbitrary property: center frequency can diffe
by a few percent of the visible frequency specified in the catalogs of pulsars.

Gravitational wave radiation (GWR) of the pulsar is determined by the quadrupole moment
of the source. Given a priori ignorance of the quadrupole moment, we can assume that th
complexity of gravitational radiation is similar to the complexity of pulsar radio emission.
Consequently, the emission spectrum of GWR is the convolution of the spectra of the modulating
function and some of the original signal and this spectrum of GWR expands and "floats" neal

the center frequenciost of the signal energy is concentrated in baipgsar~0.03 Hz.

4. Characteristics of the detected signals

Local deformation caused by signal type (2) can be estimated:

oS(r ,t)
or

w
hO:Dloc:‘ zE\/aulisp(f'p)2+bdisp(f1p)2!a):2721:' 4)

Using (3) and (4) can be obtained on frequency sifgnal

NEGP) ©)

0 c

The relative change in the distance between stations is
AL j=max|s(ri,t) — s(rj,t)|, i,j - station numbers.

If it is unknown the phase shift between the stationthe worst casélLi;is less
than double the amplitude of the recorded signal.
Deformation (curvature) of space can be estimated by the change in the distance

between any stations on the network, for example between stafdnsand TXAR
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AL <2-2.5-10*15
g ~9498.10°

ZALV -TXAR

~5.26-107%,

whereLZALV-TXAR- 9498 km

Given the expression (5), local deformation (strain)ffer6.023 Hz can be estimated:

os(rt)| o 2 -~ 25.1075.27.6.023
D =——~—4ja(f,p) +b(f, = ~
loc ‘ ar C\/ ( p) ( p) 3'108
~3.15-107%

From a comparison of the two estimates deformdlignDiqcit is follows that the velocity
of gravitational waves and the speed of light are of equal order.

The estimation of the propagation speed of the GW-wave can be obtained using the
relation:

Vgrav R SV / Dg[ )

v _>09-10"/5.26-10"~1.7-10° m/s.

grav

In the following will be given direct methods estimate the speed of gravitational waves
with better accuracy.
The pulsarJ0945-4833 is the most probable source of detected GW-signals, on

gravitational radiation expended abeutl 0 on the total energy of the pulsar

Conclusion

With optimal processing of global seismic antenna, relative motions (=10°*°m) different
points of the Earth were detected , corresponding signals lie in planes perpendicular to the
direction of the radiation source, have a high degree of elliptical polarization.

Detection of signals for a long time (90 hours) confirms the fact of registration of the

GW-wave in the frequency band near of 6.023 Hz.
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Confidence probability of detection of gravitational-wave is close to 1.

Characteristics of detected signals (amplitude, center frequency) vary in time, i.e.

GW-signal is quasi-harmonic signal with a smoothly varying parameters. The source of
these GW-signals (GW-wave) is periodic (generally quasi-periodic), which is typical for
pulsars.

Verified that they cause deformation (curvature) of the order 6% 10

The propagation speed of the GW-wakgy> 1.7 * 1¢ m /s.

The pulsarJ0945-4833 is the most probable source of detected GW-signals, on

gravitational radiation expended abeutl 0 on the total energy of the pulsar
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Appendix A
Earth as a gravitational wave detector

A gravitational wave causes a deformation of the bodies, the deformation is very typical of
the type. The simplest type - this periodic compression and expansion of the body in two opposit
directions.

The intensity of gravitational waves is relative to the distortion of the body, so the more
the body itself, the greater will be the absolute value of the deformation. You can measure the loce
variations of the earth's surface and at the disposal of researchers for a long time, there are devic

that detect such fluctuations - seismometers.

h=10""' = AR~ %b& ~3-10"°m

Fig.Al. The deformation of the Earth during the passage of a gravitational wave.
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Earth must be deformed into an ellipsoid in the field of gravitational radiation, extended
perpendicular to the direction of the incoming wave.

Vibrations of the earth's surface at h=102! will be several femtometrov(¥wm) .

Appendix B
The Association of pulsars
The frequency of gravitational waves twice the angular spegd=2-wr.
The energy of a full rotation of the pulsar:
/.a)}znd
= o =2xf ,0  =2rf ,f =2f (B.1)
pu 8 r r pu pu. pu. r’

where J- moment of inertia about the axis of rotation;
fr — rotation frequency of pulsar ;
bu — frequency of GW-radiation.

Maximum energy emitted per unit frequency interval, in the form of gravitational radiation
[1]:

dE Jo J@,,
da) 4

The spectral energy density of the gravitational-wave radiation (upper bound) at a distance
rpul [l] .

AE Jo,,
max(a) u]’ru]): 2 Lo (BZ)
pap Aw-4r-r,, 4 4r- r
For a signal from the pulsar registered must be respected [1]:
GW( pu]) < ®max( pul’ pul) (BS)

This is a necessary condition for registration GW-radiation from the real source is a simple

test for the accuracy of detection.
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The amount of energy transferred by GV-waves per unit frequency interval and per unit

area (the analogue of the equation (37.31) [2]):

@@ =S (A @ A w=C B4

T

If the source is periodic (for example Af (t)=h.(t)= hosin(wot) ,h=0, wo— frequency of
gravitational radiation), the spectral energy density of the gravitational-wave radiation this source

takes the form:

O(w,)=—2"—. (B.5)

Using (5), the spectral energy density of gravitational-wave radiation can be represented
as:

co EULP) o

327G 0 0 (B.6)

O(w)=D,, (0,)=
The energy value of the detected signal at the frequen®y023 Hz:
D (@) =5*10% erg / (cn? - Hz).

Association of pulsars carried by radiation frequency and the position of the registered
source on the celestial sphere.
With the source of gravitational-wave radiation near the frequeney6f023 Hz can be

association three pulsars (Table B1) [3,4].

Table B1
Pulsar ch , kpe fr JHz d)max(m pul,rul) erg / (cm? - Hz).
B1800-27 3.6 2.99 36.4
J1046+0304 2.25 3.06 95.3
J0945-4833 2.71 3.016 64.7
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For these pulsars = @ gy (@) Do (@1 T o) ~10° that is expended on gravitational

radiation about £ = 10 on the total energy of the pulsar .
The most probable source is the pulk#x5-4833.
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