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Abstract. The LARES (LAser RElativity Satellite) satellite was successfully

launched in February 2012. The LARES space experiment is based on the orbital

determinations of the laser ranged satellites LARES, LAGEOS (LAser GEOdynamics

Satellite) and LAGEOS 2 together with the determination of the Earth’s gravity field

by the GRACE (Gravity Recovery And Climate Experiment) mission. It will test some

fundamental physics predictions and provide accurate measurements of the frame-

dragging effect predicted by Einstein’s theory of General Relativity. By one hundred

Monte Carlo simulations of the LARES experiment, with simulations of the orbits

of LARES, LAGEOS and LAGEOS 2 according to the latest GRACE gravity field

determinations, we found that the systematic errors in the measurement of frame-

dragging amount to about 1.4% of the general relativistic effect, confirming previous

error analyses.

http://arxiv.org/abs/1310.2601v1
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1. The LARES space experiment to test General Relativity and

fundamental physics

LARES (LAser RElativity Satellite) is a laser ranged satellite of the Italian Space

Agency (ASI) see Fig. 1. It was launched successfully on February 13, 2012 with

the qualification flight of VEGA, the new launch vehicle of the European Space Agency

(ESA), which was developed by ELV (Avio-ASI)1,2. Laser ranging is the most accurate

technique for measuring distances to the Moon3 and to artificial and laser ranged

satellites4. Short-duration laser pulses are emitted from lasers on Earth and then

reflected back to the emitting laser-ranging stations by retro-reflectors on the Moon

or on artificial satellites. By measuring the total round-trip travel time we are now able

to determine the instantaneous distance of a retro-reflector on a laser ranged satellite

with precision of a few millimetres5. Laser ranging activities are organized under the

International Laser Ranging Service (ILRS)3 which provides global satellite laser ranging

(SLR) and lunar laser ranging data and their derived products to support geodetic,

geophysical, and fundamental physics research activities.

Figure 1. The LARES satellite on the separation mechanism before launch (Courtesy

of ASI).

LARES has the highest mean density of any known object orbiting in the Solar

System. It is spherical and covered with 92 retro-reflectors, and it has a radius of 18.2

cm. It is made of a tungsten alloy, with a total mass of 386.8 kg, resulting in a ratio of

cross-sectional area to mass that is about 2.6 times smaller than that of the two LAGEOS

(LAser GEOdynamics Satellite) satellites. Before LARES, the LAGEOS satellites had

the smallest ratio of cross-sectional area to mass of any artificial satellite4. LAGEOS

and LAGEOS 2 have an essentially identical structure but different orbits. They are

passive, spherical satellites covered with retro-reflectors and made of heavy brass and



Monte Carlo Simulations of the LARES space experiment 3

aluminium alloy. The mass of LAGEOS is 407 kg and that of LAGEOS 2 is 405.4 kg;

their radius is 30 cm. Their ratio of cross-sectional area to mass is approximately 0.0007

m2/kg. LAGEOS was launched by the National Aeronautics and Space Administration

(NASA) in 1976 and LAGEOS 2 by NASA and the Italian Space Agency (ASI) in 1992.

The semi-major axis of the LAGEOS orbit is approximately 12,270 km, the period is

3.76 h, the eccentricity is 0.004 and the inclination is 109.8◦. LAGEOS 2 is at a similar

semi-major axis of about 12,160 km, but its orbital eccentricity is larger (0.014) and it

has a lower inclination (52.6◦).

The LARES orbital elements are as follows: the semi-major axis is 7820 km, orbital

eccentricity 0.0007, and orbital inclination 69.5◦. It is currently well observed by the

global ILRS station network. The extremely small cross-sectional area to mass ratio

of LARES, i.e. 0.00027, which is smaller than that of any other artificial satellite,

and its special structure, a solid sphere with high thermal conductivity, ensure that

the unmodelled non-gravitational orbital perturbations are smaller than for any other

satellite, in spite of its lower altitude compared to LAGEOS. This behaviour has been

confirmed experimentally using the first few months of laser ranging observations6.

The LARES satellite, together with the LAGEOS and LAGEOS 2 satellites

and the GRACE (Gravity Recovery And Climate Experiment) mission Earth gravity

field determinations7,8, will accurately measure the frame-dragging effect predicted by

General Relativity9,10,11.

1.1. Frame-dragging, General Relativity and String Theory

In Einstein’s gravitational theory the local inertial frames have a key role12,13,14. The

strong equivalence principle, at the foundations of General Relativity, states that the

gravitational field is locally unobservable in the freely falling frames and thus, in these

local inertial frames, all the laws of physics are the laws of Special Relativity. The

axes of these non-rotating, local, inertial frames are determined by free-falling torque-

free test-gyroscopes, i.e. sufficiently small and accurate spinning tops. In other words,

the freely falling test-gyroscopes define axes fixed relative to the local inertial frames,

where the equivalence principle holds, that is, where the gravitational field is locally

unobservable. If we rotated with respect to these gyroscopes, we would feel centrifugal

forces, even though we may not rotate at all with respect to the distant stars. Indeed,

the local inertial frames are determined, influenced and dragged by the distribution and

flow of mass-energy in the Universe. Therefore, the test-gyroscopes are also dragged

by the motion and rotation of nearby matter, such as a spinning mass12,13,14, i.e. their

orientation changes with respect to the distant stars: this is the dragging of inertial

frames or frame-dragging, as Einstein named it in a letter to Ernst Mach9. Frame-

dragging phenomena, which are due to mass currents and mass rotation, have also

been called gravitomagnetism14,15 because of a formal analogy of electrodynamics with

General Relativity (in the weak-field and slow-motion approximation).

Frame-dragging affects clocks, electromagnetic waves16,17, orbiting particles10 and
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gyroscopes18,19, e.g. the gyroscopes of the GP-B (Gravity Probe B) space experiment.

Frame-dragging was measured using the LAGEOS and LAGEOS 2 satellites with an

accuracy of about 10%1,20,21 and by the GP-B space experiment with an accuracy of

about 19%22. See, for example, a description of these measurements in [23].

The angular momentum of a spinning body generates a precession of the spin axis

of a test-gyroscope. Similarly, the orbital plane of a planet, Moon or satellite is a huge

gyroscope that feels general relativistic effects. Indeed, frame-dragging of an orbiting

test-particle manifests itself in the secular rate of change of the longitude of the nodes

of the test-particle, i.e. of its orbital angular momentum vector, and in the secular rate

of change of the longitude of the pericentre of the test-particle, i.e. of its Runge-Lenz

vector. The rate of change of the nodal longitude, Ω, of a test-particle or satellite,

known as the Lense-Thirring effect10, is

Ω̇Lense−Thirring =
2GJ

c2a3(1− e2)3/2
(1)

where Ω is the longitude of the nodal line of the satellite (the intersection of the

satellite orbital plane with the equatorial plane of the central body), J is the angular

momentum of the central body, a is the semimajor axis of the orbiting test-particle, e

is its orbital eccentricity, G is the gravitational constant, and c is the speed of light.

In 2008, Smith et al. showed that String Theories of the type of Chern-Simons

gravity, i.e. with action containing invariants built with the Riemann tensor squared,

predict an additional drift of the nodes of a satellite orbiting a spinning body24. Then,

using the frame-dragging measurement obtained with the LAGEOS satellites, Smith

et al. set limits on such String Theories that may be related to dark energy and

quintessence. In particular, they have set a lower limit on the Chern-Simons mass that

is related to more fundamental parameters, such as the time variation of a scalar field

entering the Chern-Simons action, possibly related to a quintessence field. LARES will

improve this limit on such fundamental physics theories. In summary, LARES will not

only accurately test and measure frame-dragging, a basic prediction of Einstein’s theory

of General Relativity, but it will also provide a test of some predictions of fundamental

physics theories of unified interactions possibly related to dark-energy.

1.2. How to measure frame-dragging with LARES, LAGEOS and LAGEOS 2

SLR can measure the positions of LARES and LAGEOS with an uncertainty of a few

millimetres and their nodal longitude with an uncertainty of a fraction of a milliarcsec

per year5,21,29. The Lense-Thirring drag of the orbital planes of the LARES and

LAGEOS satellites, Eq. (1), is approximately 31 milliarcseconds per year for LAGEOS

and LAGEOS 2 and 118 milliarcseconds per year for LARES1,21,25−29, corresponding

to approximately 1.85 m/yr at the LAGEOS altitude and 4.5 m/yr at the LARES

altitude. Thus the Lense-Thirring effect can be very accurately measured on the

LAGEOS and LARES orbits if all their orbital perturbations can be modelled accurately

enough1,21,25−29.
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The orbital perturbations of a satellite can be considered of gravitational and

non-gravitational origin. For the LARES and LAGEOS satellites the uncertainties in

the modelling of the orbital perturbations of gravitational origin are mainly due to

the uncertainties in the Newtonian gravitational field and are by far larger than the

uncertainties of non-gravitational origin, i.e. radiation pressure, both from Sun and

Earth, thermal thrust and particle drag1,26,29. Indeed, the LAGEOS satellites, and

especially the LARES, satellite are extremely dense spherical satellites. In particular,

the extremely small cross-sectional area to mass ratio of LARES, smaller than that of

any other artificial satellite, and its special structure, a solid sphere with high thermal

conductivity1, ensure that the unmodelled non-gravitational orbital perturbations are

smaller than for any other satellite. The unmodelled effect of thermal thrust and particle

drag are smaller on LARES than on LAGEOS in spite of its lower altitude compared to

LAGEOS. This behaviour has been experimentally confirmed by the first few months

of laser ranging observations6. Among the orbital perturbations of the node of an

Earth satellite of gravitational origin, by far the largest ones are due to the Earth’s

deviations from spherical symmetry, both its static and time-dependent part26,29,31. In

particular, the only secular gravitational perturbations affecting the orbit of an Earth

satellite are due to those deviations that are symmetric with respect to the Earth’s

spin axis (i.e. axially symmetric) and symmetric with respect to the Earth’s equatorial

plane, i.e., the so-called even zonal harmonics. The Earth’s gravitational field and its

gravitational potential can be expanded in spherical harmonics, and the even zonal

harmonics are those harmonics of even degree and zero order31. In particular, the

flattening of Earth, corresponding to the second degree zonal harmonic, J2, describing

the Earth’s quadrupole moment, produces the largest secular perturbation of the node of

an Earth satellite31. But thanks to the observations of geopotential mapping missions

such as GRACE7,8, the Earth’s shape and its gravitational field are extremely well

known.

Today, the GRACE7,8 space mission of NASA and Deutsche Forschungsanstalt fur

Luft und Raumfahrt (DLR) - the Principal Investigators being from the University of

Texas Center for Space Research (UT CSR) and from the German Research Centre for

Goesciences (GFZ) - has dramatically improved the accuracy in the determination of

the Earth’s spherical harmonics. For example, the dynamical flattening of the Earth’s

gravitational potential, J2, is today measured32 with a relative uncertainty of only about

one part in 107, and this uncertainty, propagated on the node of LAGEOS, corresponds

in order of magnitude to the Lense-Thirring effect on its node. The GRACE spacecraft

were launched into a polar orbit at an altitude of approximately 400 km and with

a spacing between the two satellites of about 200-250 km. The spacecraft range to

each other using radar and they are tracked by the Global Positioning System (GPS)

satellites. By analyzing the GRACE Earth gravitational field determinations and their

uncertainties in the even zonal harmonics, we found of course that by far the main source

of error in the determination of the Lense-Thirring effect is due to the uncertainty in the

lowest degree even zonal harmonics and in particular due to J2, the Earth’s quadrupole
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moment20,21.

In order to eliminate the nodal rate uncertainties due to the errors in the Earth’s

even zonal harmonics, the use of two or more LAGEOS satellites was proposed25,26. One

technique proposed the use of two LAGEOS satellites with supplementary inclinations

in order to eliminate the uncertainties due to all the even zonal harmonics25, while

another technique proposed to eliminate the effect of the first, lowest order, N-1 Earth

even zonal harmonics and to measure the Lense-Thirring effect by using the nodes of N

satellites of LAGEOS type. This technique to use N observables to cancel the effect of

the N-1 even zonal harmonic errors and to measure frame-dragging is described in [26],

with explicit calculations in [27]. Following this method, by eliminating the nodal rate

uncertainties of LAGEOS and LAGEOS 2 due to δJ2, a measurement of frame-dragging

with an accuracy of about 10% was obtained, mainly due to the uncertainty in the next

lowest order even zonal harmonic, J4
1,11,21. The LARES satellite will introduce one

additional observable, the node of LARES, to eliminate the uncertainty due to δJ4 and

to obtain an uncertainty in the measurement of frame-dragging of about 1% only28.

A number of papers have been published that analyse all the error sources, of both

gravitational and non-gravitational origin, that can affect the LARES and LAGEOS

experiments1,21,26−29,30,33. The error in the LARES experiment due to each even zonal

harmonic up to degree 70 is analysed in detail in [1, 28]. The large errors due to the

uncertainties in the first two even zonal harmonics, of degree 2 and 4, i.e., δJ2 and

δJ4, are eliminated using the three observables, i.e., the three nodes of the LARES,

LAGEOS and LAGEOS 2 satellites. The conclusion is that the error due to each

even zonal harmonic of degree higher than 4 is considerably less than 1% of the

Lense-Thirring effect and in particular that the error is negligible for the even zonal

harmonics of degree higher than 26. This can be seen in detail in Figs. 3-6 of [28]

that show the percentage errors in the measurement of the Lense-Thirring effect in the

LARES experiment due to each individual uncertainty of each even zonal harmonic,

corresponding to the GRACE models EIGEN-GRACE02S (GFZ, Potsdam, 2004) and

GGM02. These figures also show th upper bound to the maximum percentage errors

due to each even zonal harmonic. This upper bound was obtained by considering as

uncertainty for each harmonic the difference between the value of that harmonic in the

EIGEN-GRACE02S model minus its value in the GGM02S model; this is a standard

technique in space geodesy to estimate the reliability of the published uncertainties

of comparable models. However, we stress that newer determinations of the Earth

gravity field available today are much more accurate than the older EIGEN-GRACE02S

and GGM02S models, therefore those previous error analyses of ours are a worst case

scenario. The purpose of the present paper is to augment the previous error analyses1,28

by a number of Monte Carlo simulations.
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2. Design of the Monte Carlo simulations for testing the LARES

experiment

We design Monte Carlo simulations to reproduce as closely as possible the real

experiment to measure frame-dragging using LARES, LAGEOS, LAGEOS 2 and the

GRACE Earth gravitational field determinations. The simulations are performed as

follows. The first step is to identify a set of physical parameters whose uncertainties

have a critical impact on the accuracy of the measurement of the frame-dragging effect

using LARES, LAGEOS and LAGEOS 2. Then, we consider the values of these critical

parameters, determined either by the GRACE space mission (in the case of the Earth

gravitational field parameters) or by previous extensive orbital analyses (in the case of

the radiation pressure parameters of the satellites). Together with the values of these

parameters, we consider their realistic 1-sigma uncertainty estimated by also taking into

account the systematic errors. The Earth gravitational field model that is considered

is EIGEN-51C34. EIGEN-51C is a combined global gravitational field model to degree

and order 359. It consists of 6 years of CHAMP and GRACE data (October 2002 to

September 2008) and a global gravity anomaly data set. So no LAGEOS data were

used to derive this gravitational field model. The values of the critical parameters and

of their 1-sigma uncertainties are given in Table 1. In the previous section 1.2 we have

reported a brief description of the main error sources in the LARES experiment and the

analysis of the errors due to the even zonal harmonic uncertainties up to degree 7028.

Table 1. The parameters considered in the Monte Carlo simulation with their sigmas

(see section 2).

Parameter Nominal value 1-Sigma

GM 0.3986004415E+15 8E+05

C2, 0 -.484165112E-03 2.5E-10

C4, 0 0.539968941E-06 0.12280000E-11

C6, 0 -.149966457E-06 0.73030000E-12

C8, 0 0.494741644E-07 0.53590000E-12

C10 ,0 0.533339873E-07 0.43780000E-12

Ċ2, 0 0.116275500E-10 0.01790000E-11

Ċ4, 0 0.470000000E-11 0.33000000E-11

Cr LAGEOS 1 1.13 0.00565

Cr LAGEOS 2 1.12 0.0056

Cr LARES ∼ 1 0.0054

The value of GM , the geocentric gravitational constant, used herein is consistent

with EIGEN-51C, i.e., is set by definition in the EIGEN-51C gravity field model

development. Its value and standard deviation are taken from the International Earth

Rotation and Reference Systems Service (IERS) Conventions 201032, where the current

knowledge of this parameter is documented. The values of the first few even zonal

harmonics of the gravity field model, i.e. C2, 0 to C10, 0, are also taken from EIGEN-

51C, their standard deviations are calibrated values besides the standard deviation of
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C2, 0 which is an estimate from comparisons of different gravity field models plus a

safety margin established by multiplying the result by a factor 3. The solar radiation

coefficients, Cr, of the LAGEOS satellites and their standard deviations are taken from

long-term use in the geodetic community, while those for LARES have been newly

established on the basis of extensive orbital analyses of 10 months of LARES data6.

The second step is to randomly generate 100 samples of values for each parameter

of Table 1, with population distributed as a normal (Gaussian) distribution around the

mean value of each parameter that is equal to its value reported in Table 1, and with

standard deviation equal to the calibrated sigma of that parameter, also reported in

Table 1.

In other words, by repeating 100 times the process of the random generation of the

parameters of Table 1, we obtain 100 samples of these parameters and the distribution

of the values of each parameter follows a Gaussian distribution with mean and standard

deviation defined in Table 1. The third step is to generate the orbit of each satellite, i.e.

LARES, LAGEOS, and LAGEOS 2. This is done by using the orbital propagator and

estimator EPOS-OC35, using each time, as input, the values of one of the 100 sets of

eleven parameters that were generated at the second step. The frame-dragging effect is

always kept equal to its General Relativity value. These 100 simulations represent

100 approximations of the real orbit, of the three satellites, generated by physical

perturbations that are partially unknown because of the uncertainties in the parameters

of Table 1. In a second orbital propagation, we generate the orbit of each satellite,

starting with the same initial conditions as the previous case but using the nominal

value of each of the considered parameters and zero frame-dragging effect. This second

set of simulations of the reference orbit of each satellite represents the set of orbits of

each satellite as modelled in the orbital data analyses using the orbital estimators of

the LARES team6, i.e., EPOS-OC (or GEODYN or UTOPIA). Finally, for each day,

we take the difference of the nodes between these two sets of orbits, i.e., between each

one of the 100 cases described above and the nominal case obtained using EPOS-OC,

and save that difference for each day and for each satellite. In this way, for a period of

about three years (1097 days exactly), we obtain 100 sets of 1097 simulated residuals

for each satellite, representing the noisy residuals of each satellite that will be obtained

in the real data analysis. These 100 sets of simulated nodal residuals for each satellite

provide a reasonably large number of cases according to the Central Limit theorem.

In summary, for each of the 100 simulations we generate 1097 simulated residuals

for each of the three satellites, LARES, LAGEOS and LAGEOS 2. Each of these

simulations, with the corresponding residuals, is obtained with one of the sets of physical

parameters generated according to the mean and sigma reported in Table 1. Then, the

node residuals of LARES, LAGEOS and LAGEOS 2 are combined according to the

formula (see, for example, 28):

δ Ω̇LAGEOS + k δ Ω̇LAGEOS2 + h δ Ω̇LARES = (30.7 + k31.5 + h118)milliarcsec/yr(2)

where k and h are suitable numerical coefficients chosen to eliminate the uncertainties
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δJ2 and δJ4 in the lowest even zonal harmonics J2 and J4, and where 30.7 milliarcsec/yr,

31.5 milliarcsec/yr and 118 milliarcsec/yr are the nominal values of frame-dragging

predicted by General Relativity for each satellite. The next step, for each of the

100 simulations, is to integrate the 1097 combined residuals to get, for each day, the

cumulative residual shift of the combination of the three nodes. Finally, the combination

of the integrated residuals of the three satellites is fitted with a straight line using the

least squares method, to obtain, for each of the 100 simulations, the simulated, measured

value of the frame-dragging effect. In addition (corresponding to Figures 2A, 2B and

2C), for each of the three satellites and for each of the 100 simulations, the 1097 residuals

are integrated to get, for each day, the cumulative residual shift of the node of each of

the three satellites LARES, LAGEOS and LAGEOS 2.

3. Results of the Monte Carlo simulations

In Figures 2 and 3 we show the results of the 100 simulations. Figure 2 shows the

simulated nodal drifts corresponding to each of the 100 simulations. Figures 2A, 2B

and 2C refer respectively to LAGEOS, LAGEOS 2 and LARES. Figure 2D refers

to the LARES, LAGEOS and LAGEOS 2 combination, i.e., each nodal drift shown

in Figure 2D (see its magnification in Figure 3B) was obtained by combining the

simulated cumulative (integrated) node residuals of the three satellites for each of the

100 simulations. The simulated measured value of frame-dragging was then obtained

by fitting these raw residuals with a straight line. Figure 3, using a scale magnified by

about 33.3 times with respect to Figure 2, shows the simulated measured nodal drifts

corresponding to each of the 100 simulations. Figure 3A refers to the LAGEOS and

LAGEOS 2 combination, whereas Figure 3B to the LARES, LAGEOS and LAGEOS 2

combination. The result of the 100 simulations for the LARES, LAGEOS and LAGEOS

2 combination is that the mean value of the measured frame-dragging effect is equal to

100.24% of the frame-dragging effect predicted by General Relativity, with a standard

deviation equal to 1.4% of the frame-dragging effect predicted by General Relativity.

The 1.4% uncertainty represents the systematic errors in the measurement of frame-

dragging with the LARES experiment. In order to preliminarily evaluate the statistical

error in the frame-dragging measurement, we have considered the standard deviation of

the post-fit residuals of the preliminary, rough, orbital analyses of LARES, LAGEOS and

LAGEOS 2 performed since the launch of LARES. In the preliminary, rough, fits of the

combination of LARES, LAGEOS and LAGEOS 2, the standard deviation of the post-fit

residuals is about 5 milliarcsec, i.e., approximately the same as the standard deviation

of the post-fit residuals of the combination LAGEOS and LAGEOS 2 only (over the

same period). This statistical error of the preliminary, rough, fits of the combination of

LARES, LAGEOS and LAGEOS 2 agrees well with the standard deviation of the post-

fit residuals of the older, 2004, orbital analyses with LAGEOS and LAGEOS 2 only,

obtained using the older model EIGEN-GRACE02S, indeed the standard deviation of

the post fit residuals of the 2004 analyses was also approximately 5 milliarcsec. Since
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the combined frame-dragging effect is approximately 50 milliarcsec/yr, the statistical

error over a period of 10 years would then be about 1% of the total frame-dragging

effect. Furthermore, by considering present and future improvements in the modeling of

the various perturbations with respect to the older analyses with EIGEN-GRACE02S,

due to improved sets of perturbations in the orbital estimators, including tides, non-

gravitational perturbations, etc., the statistical error should be approximately 1% of the

total combined frame-dragging effect even over a shorter observational period.

Figure 2. Figures 2A, 2B and 2C show, respectively for the LAGEOS, LAGEOS 2

and LARES satellites, the simulated cumulative (integrated) residuals of the nodal

longitude for each of the 100 performed simulations. Figure 2D, using the same scale,

shows the simulated cumulative residuals of the combination of the nodal longitudes of

LAGEOS, LAGEOS 2 and LARES, for each of the 100 simulations. That combination

allows, according to formula (2), to eliminate the uncertainties in both the Earth’s

moments J2 and J4. Figure 2D clearly display the reduction of the spread between the

100 simulations, i.e., the reduction of the standard deviation of the slopes of the 100

simulations, when both the δJ2 and δJ4 uncertainties are removed from the residual

nodal drifts of the satellites by using a suitable combination of their nodal residuals.

The use of LARES, together with LAGEOS and LAGEOS 2, dramatically reduces the

standard deviation of the slopes of the nodal residuals of the 100 simulations, that is the

uncertainty in the simulated measurement of frame-dragging using LARES, LAGEOS

and LAGEOS 2.
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Figure 3. Figure 3A, using a scale magnified by about 33.3 times with respect

to Figure 2, shows the simulated cumulative residuals of the combination of the

nodal longitudes of LAGEOS and LAGEOS 2, for each of the 100 simulations. That

combination allows to eliminate the uncertainty in the Earth’s quadrupole moment

J2. Figure 3B is the same of figure 2D but using a scale magnified by about 33.3

times (the same scale of figure 3A), i.e., it shows the simulated cumulative residuals

of the combination of the nodal longitudes of LAGEOS, LAGEOS 2 and LARES

that allows to eliminate the uncertainties δJ2 and δJ4. Also shown in 3B, in red,

is the theoretical prediction of General Relativity. The reduction of the spread

between the 100 simulations of Figure 3B with respect to Figure 3B clearly displays

the improvement in the uncertainty of the measurement of frame-dragging using the

LARES satellite.

4. Conclusions

The three observables provided by the three nodes of the LARES, LAGEOS and

LAGEOS 2 satellites, together with the Earth gravitational field determinations from the

GRACE space mission, will allow to improve significantly the previous measurements of

the phenomenon of frame-dragging predicted by General Relativity, by eliminating the

uncertainties in the value of the first two even zonal harmonics of the Earth potential, J2

and J4. The LARES space experiment will also allow other tests of fundamental physics,

such as the tests of String Theories of the type of Chern-Simons gravity described in

section 1.1.

A number of previous detailed and extensive error analyses have confirmed the

potentiality of the LARES experiment to achieve a measurement of frame-dragging with

an uncertainty of a few percent only. However, to further test the previous extensive

error analyses, we have designed and performed 100 Monte Carlo simulations of the

LARES experiment. In our Monte Carlo analysis we have simulated the orbits of the

LARES, LAGEOS and LAGEOS 2 satellites by randomly generating the values of the

GM (mass) of Earth, of its five largest even zonal harmonics, J2, J4, J6, J8 and J10, of

the secular rate of change of the two largest even zonal harmonics, J̇2 and J̇4, and of

the solar radiation coefficients of LARES, LAGEOS and LAGEOS 2. These parameters

are identified as the main source of bias in the measurement of frame-dragging using
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LARES, LAGEOS, LAGEOS 2 and the GRACE-derived Earth gravitational field.

Future Monte Carlo simulations, in addition to the secular rate of change of the first

two even zonal harmonics considered here, will include other time variable gravity effects,

such as tides and secular changes of higher even zonal harmonics and, in addition to

direct solar radiation pressure and to the uncertainties in the solar radiation coefficients

of the three satellites considered here, will include other non-gravitational effects, such

as Earth’s albedo and thermal drag. However, since these error sources are constrained

at the one percent level only, we do not expect any significant change in the final result

of the Monte Carlo simulations of the present paper, that is, an uncertainty, due to

systematic errors, of about 1% in the measurement of frame-dragging using the LARES,

LAGEOS and LAGEOS 2 satellites. The standard deviation of the frame-dragging effect

measured in the 100 simulations, representing the systematic errors in the measurement

of frame-dragging, was in fact 1.4% only of the total frame-dragging effect. Furthermore,

on the basis of the preliminary, rough analyses of the real orbits of the LARES, LAGEOS

and LAGEOS 2 satellites, the statistical error in the measurement of frame-dragging

was estimated to be about 1% of the total frame-dragging effect.
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