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We show upper bound on the amplitude of gravitational waves around 0.1 Hz from the global
posioning system (GPS). Since the atomic clocks which these satellites have are stabilized with
the accuracyv/v ~ 1015, the GPS can provide the precise navigations and enable one to cali-
brate the primary standard for frequency on the ground. Although the attitude of these satellites
is approximetaly twenty thousand kilometers, one can stabilize one’s oscillator with the accuracy
Av/v ~ 10~1? with phase-locked loop circuits by receiving the radio wave emitted by GPS satel-
lites for one or one hundred seconds. To take advantage of the Doppler tracking method, we have
found that this it has already placed a meaningful constraint on the strain amplitude of continuous
component of GWs al; < 4.8 x 1012 at frequency range 16 < f < 10° Hz. This work is
documented in arXiv 14024520
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1. Introduction

The existence of gravitational waves is predicted in general relativity and a lot of modified
gravity theories. Gravitational waves (GWSs) are expected to be emitted from the end of the life of
massive stars, merger of neutron stars and black holes and the beginning of the Universe. While
the beginning of the Universe, the existence of cosmological inflation is predicted in order to solve
the horizon problem, flatness problem and the monopole proldea[2, 3 []). Especially many
theories of the cosmological inflation predict that the spectrum of GWs originated from it is almost
scale-invariant. In order to prove the existence of the cosmological inflation, we have to observe
GWs with a wide frequency range and high sensitivity. Moreover, because GWSs propagate freely
since their generation, the thermal history of the Universe and the properties of inflaton field are
imprinted on the power spectrum of gravitational wave background (GVIEB[B]]. In addition,
the intermediate massive black hole (IMBH) binaries with médss: 10°M., are expected emits
GWs at the frequency range 1< f < 10° [Hz] when they collide. By detecting GWs from them,
the number density of IMBH binaries can be revealed, and hence, the mysteries how super massive
black holes (SMBHSs), which exists at the center of almost all galaxies, form in the history of the
Universe are expected to be solved.

When the strain amplitude of GWhs is large, radio waves which propagate over long distance
are distorted by gravitational waves. Some previous studies of setting constraint on the strain
amplitude of GWB use this property of GWs with ULYSSES and CasBIfi8]] However these
planetary explorers fly so far from the Earth that the electrical noise precludes to set constraints
on h¢ at the frequency range > 102 [Hz]. At this frequency range, torsion bar detector such as
TOBA set a constraint on the strain amplitudehas< 2 x 10~° [@]. However, at this frequency
range, the seismic oscillation of the ground interrupts the detection or setting on the constraint on
he L.

In this work, we set on the constraint on the strain amplitude of GWs with the global position-
ing system (GPS). The GPS is composed of thirty one satellites and provides detailed navigations
and cruises. In order to maintain the accuracy of them, all GPS satellites have their own atomic
clocks with 1015 accuracy and emit precious, stable and high intensity radio waves synchronized
with their atomic clocks for accurate navigations. It enables one to calibrate one’s oscillator with
1012 accuracy by receiving these radio waves for one or one hundred seconds. These oscillator
is called GPS disciplined oscillators (GPSDOs) and use phase-locked loop circuits. This short
time stability of the frequency of GPSDOs enables one to set a constraigtairthis frequency
range. One of advantages of this method is that one can receive the radio waves from GPS satellites
everytime and everywhere on the ground.

Throughout this proceedings, we adopt TT gauge to describe GWéid v mean the fre-
quency of GWs and electro-magnetic waves, respectively. A dot represents a partial derivative

with respect to the physical time, i.a.z'ﬁ.

IDyson showed that GWB at this frequency resonates with the Earth and the strain amplitude of GWB can be
constrained by measuring the distortion of the Earth surface in H$9Recently, Coughlin & Harms had measured
the seismic oscillations at twenty points on the Earth for one year and revised the consthgint44 x 1014 at 0.1

Hz[I17].
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2. Method

We assume that GWBSs are expected to be isotropic and stationafiZhesd its wavelength
are longer than the typical distance between GPS satellites and GPSDOs (detectors) on the ground.
In this case, the frequency of radio waves emitted from the satellites is modulated by GWs as

Av I . .
— = Z—Ch(t)smze (2.1)

whereh(t), 6, | andc are the time derivative of the amplitude of GWs at titnthe angle between

the directions of propagation of radio waves and gravitational waves, the distance between the
GPS satellite and the observer and the speed of light, respectively. In the ca8e-thgt2, the
characteristic magnitude dft)sin6 can be written withh; as 2tfh.. Therefore the effect of

GWs on propagating electromagnetic waves can be written as the following,

Av rmf
V= ThC (2.2)

In reality, the frequency modulation sourced by GWs is buried within the noise. Therefore, if one
can receive the radio waves which is emitted at a distancwith a time variance of the frequency
fluctuationso [[13, one can set the upper boundigfas

c
he < g (2.3)

For the GPS, the distance from GPS satellites from obsehisrapproximately 2« 10’ [m] and
the standard variation of frequency from GPS satellites convergestd x 1012 by receiving
the signal from GPS satellites for the period from one second to one hundred sdEdnd3y|
substituting them into Eq92(2) and 2.4), we obtain the constraint on the strain amplitudaods

he < 4.8x 10712 <1fHZ> . (2.4)

The probed range of this method is determined by the time of integrating signal of the radio waves
from GPS satellit¢; and the time of flight of the radio wave from the GPS satellite and observer
ti =1/c. It can be written as

tt<f<tt (2.5)

In Fig. 1, we plot the constraint on the strain amplitude of the continuous component of GWs and
compare the result from the torsion bar deted®r [
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Figure 1: The upper limit on the strain amplitude of GWBs from GPS satellites (solid line). The dashed line
represents the constraint from the torsion bar deteBoiThe dotted line represents the constraint from the
Doppler tracking methof].

The accuracy of frequency fluctuations of received radio waves from GPS satellites determined
mostly on the time resolution of the received electric signal in the A/D converter of the GPS receiver
or. Itis reported thaty > 2 x 10-3/t;, and the largest error comes from the digitization of received
radio waves[[g. It is difficult to improve the GPS constraints on the strain amplitude until the
resolution of the quantization in the A/D converter is much improved.

The intensity of GWBs can be characterized by the dimensionless cosmological density pa-
rameterQqy( ). The parameter is defined as

1077
Qqu(f) = 3T§(fhc)2 ) (2.6)

whereHg is the Hubble constant. The Planck collaborations reported it by measuring the tempera-
ture fluctuations of cosmic microwave background (CMB) as

Ho = 67.11km/se¢/Mpc = 2.208x 10 8sec’® . (2.7)
By substituting Eqs[Z:4) and 2.7 into (2.8), we obtain
Qgu(f) <1.7x10%for 102 < f <10° [HZ] . (2.8)

In Fig 2, we compare our constraint with the previous studies.
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Figure 2: Summary of the constraints on GW background in term@gf( f), which includesCOBH[1LZ],
CMB homogeneity andBBNI[Ig, Pulsar timing I3, LLR [I8 [T, Cassini [, ULYSSEY],
Lunar orbiter 23, Seismic measure [IJ] Torsion bar [9, LIGO 2123, andGPS

3. Conclusion

We set a constraint on the strain amplitude of the continuous component of GWs as
he < 4.8 x 1071%(1 Hz/f) at the frequency range 18 < f < 1 [Hz] with the radio waves emitted
by GPS satellites in operation. The sensitivity to the GWs is limited to time resolutions of the
digitization of the A/D converter on the GPS receiver and it is difficult to improve this constraint
by this methods.

References

[1] S. Aoyama, R. Tazai, K. IchiklJpper limit on the amplitude of gravitational waves around 0.1Hz
from the Global Positioning SystewrXiv e-prints(Feb., 2014)1402.452T 7.

[2] D.H. Lyth, A. R. Liddle, The Primordial Density PerturbationrCambridge University Press, June,
2009.

[3] A. Liddle, An Introduction to Modern Cosmologiley, May, 2003.
[4] S. DodelsonModern cosmologyAcademic Press, 2003.

[5] S. Kuroyanagi, T. Chiba, N. Sugiyanfarecision calculations of the gravitational wave background
spectrum from inflationPhys. Rev. Dr9 (May, 2009) 1035010804.3249 7.

[6] H. Tashiro, T. Chiba, M. Sasakkeheating after quintessential inflation and gravitational waves
Classical and Quantum Gravi1 (Apr., 2004) 1761-1771arXiv:gr-qc/0307068 ]

[7] B. Bertottiet al., Search for gravitational wave trains with the spacecraft ULYSS&SA 296 (Apr.,
1995) 13.


http://arXiv.org/abs/1402.4521
http://arXiv.org/abs/0804.3249
http://arXiv.org/abs/arXiv:gr-qc/0307068

Uﬁper limit on the amplitude of gravitational waves around 0.1Hz from the Global Positioning System
Shohei Aoyama

[8] J. W. Armstronggt al.,, Stochastic Gravitational Wave Background: Upper Limits in the®1o 103
Hz Band ApJ599 (Dec., 2003) 806-813.

[9] K. Ishidoshiroet al., Upper Limit on Gravitational Wave Backgrounds at 0.2 Hz with a Torsion-Bar
AntennaPhysical Review Letters06 (Apr., 2011) 1611011030346 .

[10] F. J. DysonSeismic Response of the Earth to a Gravitational Wave in the 1-Hz, Bqdd 56 (May,
1969) 529.

[11]
Measurements in the Range 0.05 Hz to 1 AtXiv e-prints(Jan., 201414013028 7.

[12] M. Maggiore,Gravitational wave experiments and early universe cosmglBgys. Rep331(July,

2000) 283-367drXiv:gr-qc/9909001 ].

[13] O. BARAN, M. Kasal,Modeling of the phase noise in space communication systems
Radioengineering9 (2010), no. 1 141-148.

[14] M. A. Lombardi, The Use of GPS Disciplined Oscillators as Primary Frequency Standards for
Calibration and Metrology Laboratoriedeasure: The Journal of Measurement ScieB¢8ept.,
2008) 56.

[15] B. Fonvilleet al., Development of Carrier-Phase-Based Two-Way Satellite Time and Frequency

M. Coughlin, J. HarmsJpper Limit on a Stochastic Background of Gravitational Waves from Seismic

Transfer (TWSTFT)n 36th Annual Precise Time and Time Interval (PTTI) Systems and Applications

Meeting(L. Breakiron, ed.), pp. 149-164, 2005.

[16] T.L. Smith, E. Pierpaoli, M. Kamionkowskiew Cosmic Microwave Background Constraint to
Primordial Gravitational WavesPhysical Review Lette&7 (July, 2006) 021301
[larXiv:astro-pn/0603144 .

[17] F. A. Jenegt al., Upper Bounds on the Low-Frequency Stochastic Gravitational Wave Background
from Pulsar Timing Observations: Current Limits and Future Prospe&psl 653 (Dec., 2006)

1571-1576qrXiv:astro-ph/0609013 1.

[18]
binary systemApJ 246 (June, 1981) 569-591.

[19] J. G. Williams, S. G. Turyshev, D. H. Bogdsjnar Laser Ranging Tests of the Equivalence Principle
with the Earth and Moopinternational Journal of Modern Physics I8 (2009) 1129-1175

[larxiv:gr-qc/050 /083 I

[20] A. S. Konoplivet al., Recent Gravity Models as a Result of the Lunar Prospector Misttanus150
(Mar., 2001) 1-18.

[21] B. P. Abbottet al, LIGO: the Laser Interferometer Gravitational-Wave Observat®gports on
Progress in Physicg2 (July, 2009) 0769010711.304T .

[22] K. Riles,Gravitational waves: Sources, detectors and searcReggress in Particle and Nuclear
Physics68 (Jan., 2013) 1-541P09.066 7 ].

B. Mashhoon, B. J. Carr, B. L. HT;he influence of cosmological gravitational waves on a Newtonian


http://arXiv.org/abs/1103.0346
http://arXiv.org/abs/1401.3028
http://arXiv.org/abs/arXiv:gr-qc/9909001
http://arXiv.org/abs/arXiv:astro-ph/0603144
http://arXiv.org/abs/arXiv:astro-ph/0609013
http://arXiv.org/abs/arXiv:gr-qc/0507083
http://arXiv.org/abs/0711.3041
http://arXiv.org/abs/1209.0667

