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Abstract LARES 2, successfully launched on July 13,
2022, is a new generation laser-ranged satellite. LARES is
an acronym for LAser RElativity Satellite. The first LARES
satellite was successfully launched on February 13, 2012
with the ESA-ASI-AVIO launch vehicle VEGA. LARES
2 was injected with extremely high precision onto a high-
altitude orbit at about 5900 km altitude with the new ESA-
ASI-AVIO launch vehicle VEGA C. Laser-ranged satellites
have many applications, including to test Einstein’s theory of
general relativity. The main general relativistic phenomenon
that LARES 2 will test with high accuracy is the dragging
of inertial frames, or frame-dragging. It will also test other
aspects and principles of fundamental physics and general
relativity, such as the weak equivalence principle at the foun-
dation of viable gravitational theories. Frame-dragging is the
name Einstein himself gave in 1913 to an intriguing phe-
nomenon of general relativity which implies that a current
of mass-energy, such as the rotation of a body, will generate
spacetime curvature. Frame-dragging has a key role in high
energy astrophysics, e.g., in the generation of gravitational
waves by the collision of two black holes to form a rotating
black hole. Frame-dragging by the rotating Earth was mea-
sured to a few percent accuracy by combining the data of
the satellites LARES, LAGEOS and LAGEOS 2 (Ciufolini
et al. in Eur Phys J C 79:872, 2019). LARES 2, thanks to its
extremely high injection precision, is projected to improve
the test of frame-dragging by at least an order of magnitude.
LARES 2 has also relevant applications in space geodesy and
geodynamics, e.g., in the study of the shape of the Earth and
in the determination of the International Terrestrial Reference
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Frame (ITRF) by improving the determination of the Earth
center of mass and by contributing to a better determination
of its rotation axis.

1 The LARES 2 launch and its orbit

On July 13, 2022, at 13:13:17 UTC, the LARES 2 satellite
(Fig. 1) was successfully launched from the ESA spaceport
at Kourou in French Guyana aboard the validation flight of
VEGA C, the new ESA-ASI-AVIO launch vehicle. About
one hour later LARES 2 reached its orbit at about 5900 km
altitude (see Table 1) with an exceptional injection precision,
much better than what was required.

The LARES 2 orbital elements [1–4] are the same as those
of a previously proposed (but never launched) satellite called
LAGEOS 3 [5–11], in particular it has the same orbital incli-
nation I (the angle between its orbital plane and the Earth’s
equatorial plane) and semimajor axis. However, the LARES
2 satellite has a structure substantially improved over that of
LAGEOS 3 (Sect. 5), with a smaller ratio of cross-sectional-
area to mass to minimize its non-gravitational orbital pertur-
bations, and a special distribution of smaller retroreflectors
which allows measuring its distance from laser-ranging sta-
tions on Earth with much higher precision.

The LARES 2 orbital inclination was proposed [1–11] to
be supplementary to that of LAGEOS (ILageos + ILares2 =
180◦) in order to eliminate the effect of errors in modeling
the secular shift of their nodes due to the non-sphericity of
the Earth’s shape and its gravitational field [12]. LAGEOS
(Laser Geodynamic Satellite) is a NASA laser-ranged satel-
lite launched in 1976 for space geodesy and geodynamics
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Fig. 1 The LARES 2 satellite before the launch mounted on the separation system

determinations. Since LAGEOS is a passive satellite, it is
today still successfully tracked by the stations of the Interna-
tional Laser-Ranging Service (ILRS) [13].

The accuracy of the measurement of frame-dragging with
two satellites depends on how precisely the orbital inclina-
tions of the two satellites are supplementary and on how close
their semimajor axes are equal, to allow the elimination of
the bias due to the non-spherical Earth gravitational field (see
Sect. 4).

In [1], we calculated the error in the measurement of
frame-dragging due to any deviation of the orbit of LARES
2 from being perfectly matched in radius and perfectly sup-
plementary in inclination to LAGEOS. A difference from
supplementary of 0.15◦ in the inclination implies an error
of about 10−3 in the measurement of frame-dragging and a
difference of 20 km in the semimajor axis between the two
satellites implies an error of about 10−3 in the measurement
of frame-dragging.

By analyzing the first 127 days of LARES 2 laser-ranging
data with the orbital estimators GEODYN and UTOPIA
and the corresponding 127 days of laser-ranging data of
LAGEOS, we found the mean orbital elements reported in
Table 1. To compare the satellite’s inclinations, we also fitted
the inclinations with a quadratic polynomial where the epoch
was about the mid-point of the time series. At the mid point,
the inclination of LAGEOS 1 was 109.844◦ and LARES2 was
70.158◦ , with a good agreement with their mean calculated
over the first 127 days. In the first row, we report the orbital
inclination, semimajor axis and eccentricity of LARES 2,
averaged over the first 127 days of daily estimations. In the
second row the corresponding orbital elements of LAGEOS,
in the third row the difference from 180◦ of the sum of

their orbital inclinations and the difference in their semi-
major axes. In the fourth row, we report the estimated error
due to the deviation of the two orbits from being perfectly
supplementary. We emphasize that other errors due to the
non-static Earth gravitational field and to non-gravitational
perturbations (see Sect. 4) must also be taken into account
[1–11].

2 Tests of General Relativity and fundamental physics

Einstein’s gravitational theory of General Relativity (GR)
[14–16] has had a number of experimental and theoretical
triumphs [17,18], from the prediction and observation of the
expansion of the universe to the prediction and observation of
gravitational waves and black holes [19,20]. In the appendix,
we briefly describe some of its classical tests.

Frame-dragging, briefly described in the next section 3, is
the phenomenon whereby a current of mass-energy, such as a
rotating mass (e.g., the Earth) changes the spacetime geome-
try and produces a field which affects orbits around the mass
[21,22]. It was the object of the GP-B experiment, [23] which
flew a drag-free satellite aligned with a guide star. GP-B was
launched on 20 April 2004 and had a duration of 17 months,
but final results were only delivered in May 2011.The orbit
was polar circular, with semimajor axis 7,027.4 km (altitude
about 645 km). The satellite carried four 1.9 cm radius quartz
spheres, each with a thin coating of niobium. Cryogenics low-
ered the temperature, so the niobium became superconduct-
ing, giving the spheres a magnetic moment, which allowed
readout of their direction. In a polar orbit the geodetic preces-
sion (spacetime is not flat), and frame dragging act at right
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Table 1 Mean of the orbital elements of LARES 2 and LAGEOS over 127 days and the estimated corresponding error in measuring frame-dragging
due to the Earth even zonal harmonics

Mean orbital inclination Mean semimajor axis Mean eccentricity

LARES 2 70.1615◦ 12266.1359395 km 0.00027

LAGEOS 109.8469◦ 12270.020705 km 0.00403

Deviation of
LARES 2 from
the optimal orbit

Sum of the two
satellites’ inclina-
tions – 180◦ ∼=
0.0084◦

Difference of the two satellites’
semimajor axes ∼= 3.88477 km

Error in the test of frame-
dragging due to deviations from
the optimal orbit

Less than 0.006% Less than 0.02%

angles. So, both could be read out simultaneously from the
gyros. GP-B determined the geodetic precession to approxi-
mately 0.28%, but due to unexpected charge patches on the
spheres, the error in the frame dragging was of order of 19%
[23] (the geodetic precession is about 170 times the frame
dragging rate). Previous work [24] on the orbits of LAGEOS
and LAGEOS-2 had given an estimate of frame dragging to
approximately 10%, with a disputed challenge which would
lead to O(30%) [25]. In [26], an improved test using a longer
period of data for the LARES and LAGEOS satellites led to
a far improved estimate of frame dragging: the result is the
Einstein prediction with an estimated relative error of about
2%.

In spite of all the above experimental and theoretical tri-
umphs of GR, the deterministic physical theory of GR is
incompatible with the other fundamental probabilistic phys-
ical theory, quantum mechanics. GR predicts the occurrence
of spacetime singularities where time ends, every known
physical theory ceases to be valid and the spacetime cur-
vature diverges [20]. Recent results [27,28] suggest that a
holographic encoding of the formation of a black hole in its
surface as it forms can be retrieved as it undergoes evapo-
ration at very late times through Hawking radiation. But for
astrophysical black holes these would be very late times, far,
far exceeding the current age of the universe.

There are other tensions: In cosmology, observations of
distant supernovae show mysterious and unexpected accel-
erated expansion of the universe [29,30]. A possible expla-
nation for this enigmatic result is the cosmological constant
introduced by Einstein to avoid a dynamical universe, later
abandoned by Einstein himself. While the cosmological con-
stant corresponds to vacuum energy (dark energy), to explain
the accelerated expansion of the universe, more than 70% of
our universe should be composed of dark energy. But dark
energy’s real nature is a riddle; another tension arises: naive
quantum field theory predicts that the vacuum energy should
have a value approximately 10122 times larger than the dark
energy density observed in the universe. Possible explana-
tions include various modifications and extensions of Ein-

stein’s gravitational theory, such as the so-called f(R) the-
ories and a time dependent vacuum energy with the exotic
name of quintessence [31,32].

3 Dragging of inertial frames

What is “Dragging of inertial frames”, or “frame-dragging”
[21,22] as Einstein named it in 1913 [14]?

Frame-dragging is an intriguing phenomenon affecting
inertial frames with relevant effects in a number of spectac-
ular astrophysical phenomena. In Einstein’s theory of gen-
eral relativity, the inertial frames are local, as described by
the medium-strong form of the equivalence principle at the
foundation of metric theories of gravitation (described by a
symmetric metric tensor). Indeed, the equivalence principle
states that in a sufficiently small neighborhood of a spacetime
event and in the local inertial frames, the gravitational field is
locally ‘unobservable’ and all the non-gravitational laws of
physics are the laws of Special Relativity. The strong form of
the equivalence principle, a cornerstone of general relativity,
includes gravitation itself in the local laws of physics, mean-
ing that an external gravitational field cannot be detected in
a local freely falling frame by its influence on local gravita-
tional phenomena [14,15]. One implication of this is that the
negative gravitational self-energy of a body contributes to its
total gravitational mass.

Local inertial frames are freely falling non-rotating frames
whose axes are determined by sufficiently small freely falling
test-gyroscopes, realized for example by spinning tops [21,
22].

But what do we mean by “non-rotating”? We do not
mean non-rotating with respect to the distant stars, i.e., to
some asymptotic inertial frame! Indeed, contrary to classi-
cal mechanics, the axes of the local inertial frames, i.e., the
gyroscopes (sufficiently small mass currents in a loop) are
dragged by the external mass-energy currents and can thus
rotate with respect to the distant stars. Then any observer
fixed with the gyroscopes, even though rotating with respect
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to the distant stars, would feel no fictitious or centrifugal
force. This intriguing phenomenon that an observer can rotate
with respect to the distant stars and at the same time not feel
any centrifugal force, is well represented in the movie “Inter-
stellar” where a planet has a complete rotation, with respect
to very distant observers and to a nearby huge rotating black
hole, in a tenth of a second without being destroyed by the
centrifugal forces and without the observers on the planet
feeling any centrifugal force at all [33]. The reason being
that the planet is rotating (with respect to the distant stars) at
exactly the same angular velocity as the local inertial frames
which are dragged at such angular velocity by the rotation
of the nearby huge rotating black hole of 100 million solar
masses.

In gravitation, the dragging of a gyroscope, and of a
local inertial frame, is formally similar to the Larmor pre-
cession in electrodynamics of a magnetic dipole (magnetic
needle formed by local electric currents in a loop) which is
“dragged” by an external electric current [34]. This is the
well-known phenomenon of the magnetic needle changing
orientation due to the Earth’s internal electric currents. But
in gravitation the gyroscopes have a very special importance
since they determine the local inertial frames in which an
observer does not feel any centrifugal forces. In Table 2, we
compare frame-dragging on a gyroscope and on the orbit of a
test-particle (the Lense–Thirring effect [35]) with the Larmor
precession of classical electrodynamics.

The dragging of inertial frames has also a formal inter-
esting analogy between the Einstein–Hilbert field equations,
in weak-field and slow-motion, and the Maxwell equations
[21,22] in electrodynamics. Frame-dragging has some rela-
tion to Mach’s principle which states that the fictitious and
centrifugal forces are due to the rotation with respect to
all the masses of the universe [14–16]. Furthermore, frame-
dragging is related to interesting and mysterious phenomena
in the flow of time around a rotating body. The rotating body
could be a spinning black hole or even a rotating cosmol-
ogy. In the Gödel rotating cosmological model [16], there
are closed time-like curves which an observer could follow
to go back in time. And, it has a key role in the emission of
gravitational waves by the coalescence of two black holes
to form a rotating black hole [19] and in the constant orien-
tation of the spectacular jets of plasma from galactic nuclei
and quasars, always pointing toward the same direction over
emission times which may reach millions of years [21].

4 The LARES 2 space experiment

As reported in Sect. 2, tests of frame-dragging have been
carried out with a few percent accuracy using the satel-
lites LARES, LAGEOS and LAGEOS 2 [26]. LARES 2 is
designed to improve the test of frame-dragging by at least an

order of magnitude [1–4]. Figure 2 displays the concept of
the LARES 2 space experiment to accurately measure Earth
frame-dragging.

The well-known theorem of conservation of angular
momentum in classical mechanics shows that the orbital
plane of a test particle has a constant orientation for motion
under a central force. Thus, the orbital plane, and the nodal
line, of a satellite provide a gyroscope in the gravitational
field of a perfectly spherically symmetric body. The nodal
line is the intersection of the plane of the orbit with the equa-
torial plane of the central object. Nevertheless, even in classi-
cal mechanics, if the distribution of mass of the central body
is not spherically symmetric, the orbital plane, and the nodal
line, of a satellite have a shift. In particular, there is a secular
drift of the node of a satellite due to the even zonal harmonics
of the central body [12]. In the spherical harmonic expan-
sion of the gravitational potential of a body, the even zonal
harmonics are those of even degree and zero order, i.e.,
they represent the axially symmetric deviations from spher-
ical symmetry of the gravitational potential, which are also
symmetric with respect to the equatorial plane of the body
[12].

The non-relativistic nodal drift of two satellites with sup-
plementary inclinations, and with the same semimajor axis,
is equal and opposite. So by properly adding the two secular
nodal shifts, it will be possible to eliminate the dominant clas-
sical shift and to accurately measure the general relativistic
node shift. Indeed, the dragging of inertial frames produces
the same nodal shift, both in magnitude and sign, on both
satellites, independently of their inclination and in the same
sense of the Earth’s rotation. Hence by properly adding the
shift of the nodes of the two satellites we achieve a mea-
surement which is purely the frame dragging. In the previous
Section 3 we briefly described this somehow mysterious phe-
nomenon of General Relativity and the Lense–Thirring effect
[35]. In weak-field and slow-motion, the Lense–Thirring
effect describes the nodal drift of a test-particle due to frame-
dragging. For two satellites with supplementary inclinations,
the elimination of the bias due to the even zonals in the test of
frame-dragging is clearly shown by the well-known equation
for the secular nodal drift of a satellite due to the even zonals
[12]. The even zonals are the only gravitational perturba-
tions, other than the frame-dragging, which produce secular
changes on the node of a satellite. In particular, the largest
nodal drift of an Earth satellite is by far due to the even zonal
harmonic of degree two, the Earth quadrupole moment. The
Earth’s even zonals are accurately measured by a number
of techniques, including the joint NASA and DLR space
missions GRACE (Gravity Recovery and Climate Experi-
ment) and GRACE Follow-On [36,37]. Nevertheless, since
even a tiny uncertainty produces a systematic bias in the mea-
surement of frame-dragging, the supplementary inclination

123



Eur. Phys. J. C (2023) 83 :87 Page 5 of 10 87

Table 2 Frame-dragging of a
gyroscope and of a test particle,
and the Larmor precession of a
classical dipole moment in a
magnetic field B

Frame-dragging �̇ of a gyroscope at position x due to the
angular momentum J of a central body (G is the gravitational
constant and c the speed of light).

�̇ = −2G(J+ 3(J · x̂)x̂)
c2|x|3

Lense–Thirring effect, i.e., frame-dragging of the orbital plane
of a test-particle due to the the angular momentum J of a
central body. �̇ is the rate of change of the nodal longitude of
the test-particle, a its semimajor axis and e its orbital
eccentricity.

�̇ = 2G J

c2a3
(1−e2)

3
2

Larmor precession �̇ of a classical (non-quantum) dipole
moment of a current loop of a particle of charge q and mass
m in a magnetic field B.

ω̇ = − qB
2mc

Fig. 2 The concept of the LARES 2 space experiment to accurately
test frame-dragging. In this figure is represented the drift of the nodal
lines of LARES 2 and LAGEOS. The secular drift, due to the Earth’s
even zonal harmonics, is equal and opposite for these two satellites with
supplementary inclinations. However, frame-dragging produces a drift
of their nodal lines which is the same for both satellites, both in magni-

tude and sign, in the same sense of rotation of the Earth, independently
of their inclination. Thus, the bisector of the nodal lines of LARES 2
and LAGEOS is not affected by the Earth’s even zonal harmonics and
has only a secular drift due to frame-dragging [5], as if it were a huge
gyroscope in the gravitational field of a spherically symmetric body

configuration of LARES 2 and LAGEOS effectively allow
elimination of such a systematic bias.

LARES 2 will also provide other tests of fundamental
physics and general relativity, such as tests of the weak equiv-
alence principle with previously untested materials [38]. The
weak equivalence principle, at the foundation of viable the-
ories of gravitation, states that the motion of any test particle
due to the gravitational interaction with other bodies is inde-
pendent of the mass, composition and structure of the particle
(see Sect. 2).

Finally, LARES 2 will provide relevant determinations in
space geodesy and geodynamics. It will improve the defini-
tion of the International Terrestrial Reference Frame (ITRF)
by contributing to a more accurate determinations of the
Earth’s center of mass. It will also provide more accurate
models of the Earth gravitational field.

Based on our previous error analyses [1–4, see also 5–
11] and given the almost perfectly supplementary orbits of
LARES 2 and LAGEOS, we estimate that over a sufficiently
long period of time, we may reach an accuracy of about 0.2%,
or less in the frame-dragging measurement (see Table 3).

5 The LARES 2 structure

The main characteristic of a passive geodetic satellite is its
low cross-sectional-area to mass ratio that allows reconstruc-
tion of the orbit as due to gravity only. This permits very
accurate tests of general relativity, but it is also important
for Earth’s science and in particular for monitoring of global
climate changes [39]. In fact, global warming caused mass
redistribution, for instance ice melting on south pole and on
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Table 3 Relative errors in the
LARES 2 measurement of
frame-dragging

Source of error Estimated error

Even zonal harmonics and injection error Less than 0.1% of frame-dragging

Non-zonal harmonics and tides ∼= 0.1% of frame-dragging

Albedo ∼= 0.1% of frame-dragging

Thermal drag and satellites eclipses ∼= 0.1% of frame-dragging

Measurement error of the LAGEOS and LARES 2 orbital parameters ∼= 0.1% of frame-dragging

Total RSS Error ∼= 0.2% of frame-dragging

Greenland’s ice sheet affects the gravity field of Earth and
thus the satellite orbit.

Similarly to LARES, the LARES 2 satellite has been
designed to minimize the cross-sectional-area to mass ratio,
i.e., the forces acting on the surface of the satellite, such
as the solar radiation pressure and the atmospheric drag.
The two main constraints for the LARES 2 design were the
maximum mass allowed by the launch vehicle and the mini-
mum diameter necessary for sufficient reflected power at the
laser ground stations. Starting with a study performed with
the LARES experimental laser-ranging data [40], the final
diameter of LARES 2 was set to 424 mm. This value was
chosen by taking into account two factors: first the need to
increase the satellite diameter from the 364 mm of LARES
satellite, since the much higher altitude of LARES 2 reduces
returned photons count, and second the different type of Cube
Corner Retroreflectors (CCR) used on LARES 2. Compari-
son of tests performed on the custom made 1.5 in. diameter
retroreflectors of LARES [41,42] confirmed their expected
higher optical cross-section compared to the 1 in. Commer-
cial Off The Shelf (COTS) retroreflectors used on LARES
2. However, that is compensated by the much higher num-
ber of CCRs on LARES 2 (Table 4). In Fig. 3 is reported
the Far Field Diffraction Pattern of a 1 in. COTS CCR from
which we have evaluated the optical cross-section. The deci-
sion to use COTS retroreflectors was taken after the optical
tests performed on a sample of 10 CCRs demonstrated their
good quality in terms of surface flatness ( λ

10 for back face and
λ
4 for the front face, with λ being the laser light wavelength)
and dihedral angle accuracy. The size of the chosen CCRs
was reduced to 1 in. on LARES 2 for two reasons. The first
one concerns the CCR Far Field Diffraction Pattern (FFDP)
which is constituted by laser light patches arranged in rings
whose diameter is related to the CCR front face diameter d
(Fig. 3). The first dark ring angular position is at about 1.2 λ

d
and the CCR diameter of 1 in. is almost perfect to avoid the
ground station being at the dark ring of the FFDP. The sec-
ond reason is that for a smaller CCR it is easier to maintain
the surface quality and to have a reduced number of volume
defects that could darken the CCR, in the decades to come,
due to the interaction of the defects with UV sunlight.

Fig. 3 FFDP of a 1 in. CCR, heated at 70 ◦C, during a thermovacuum
test. Blue corresponds to no energy, red to maximum energy, other
colours to intermediate energy

The number of CCRs on LARES 2 is much higher than on
LARES for several reasons. The most obvious one is that the
CCRs have a front face diameter of 1 in. instead of 1.5 in. The
second reason is that the increased diameter of the satellite
allows to mount more CCRs. The third one is that the packing
of the CCR is more effective on LARES 2: its CCR density
is higher because of the special CCR distribution. In fact,
the classical ordered distribution of CCRs by rows, or par-
allels, typically used on passive geodetic satellites, has been
abandoned on LARES 2 in favour of random-like one. The
CCRs have been placed in positions given by the best known
solution of Thomson’s problem which seeks the minimum of
the Coulomb potential of classical electrons constrained on
a spherical surface. However, the real distribution had to be
slightly changed to accommodate the interfaces of the sep-
aration system. The LARES 2 separation system is derived
from the LARES separation system design [43] and has four
hemispherical cavities along the equator of the satellite and
some contact areas at the south pole of the satellite. After an
intense experimental trade-off study [44] on the custom and
commercial alloys with a density in the range of 8200–9000
kg/m3 and with mechanical and surface hardness character-
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istics capable of withstanding the forces by the separation
system arms and pushing spring, the final decision was to
use the commercial nickel superalloy Inconel 718.

6 Conclusions

Thanks to the extremely high injection precision of LARES
2 into an orbit with supplementary inclination to that of the
LAGEOS satellite, the accurate determination of the Earth’s
gravitational field by GRACE and GRACE Follow-On, and
the special design of the satellite, LARES 2 will provide very
accurate tests of frame-dragging, a relevant and intriguing
prediction of Einstein’s theory of general relativity. The tests
of frame-dragging with LARES 2 and LAGEOS are designed
to reach an accuracy of a few parts in a thousand. LARES 2
will also provide other tests of fundamental physics and gen-
eral relativity and improved determinations in space geodesy
and geodynamics.
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Appendix: Some tests of general relativity

Accurate tests [17,18] of GR include the perihelion preces-
sion of Mercury, and the periastron advance of an orbiting
body, the equivalence principle [45] and the time-dilation of
clocks in a gravitational field [46], the deflection and time-
delay of electromagnetic waves by a mass [47], the dynamics
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of the Moon, accurately measured by Lunar Laser Ranging
(LLR) [48] and of binary pulsars [49], gravitational lens-
ing and other astrophysical observations. Gravitational waves
have been indirectly observed in agreement with the predic-
tion of GR from the rate of change of the orbital period of the
binary pulsar PSR B1913 + 16 [49]. And the LIGO advanced
detectors (Caltech and MIT), together with the Virgo and the
KAGRA detectors, have directly detected the gravitational
waves from the merger of black holes and/or neutron stars
[19].

GR was introduced by Einstein in 1915/1916. He was
motivated by the theoretical question of making a gravita-
tional theory which was compatible with special relativity,
and in fact GR “contains” special relativity and reduces to
special relativity when gravitational fields are vanishingly
weak. Of course, the question arose of experimental valida-
tion. When Einstein wrote, only three experiments seemed
feasible: (a) measurement of the redshift, (b) measurement of
the deflection of light, and (c) measurement of the precession
of the perihelion in planetary orbits.

(a) General relativity predicts that defined-frequency light
(e.g., a particular spectral line of iron), emitted near a mas-
sive body (i.e., deep in its gravitational well), arrives at an
observer far from the massive body redshifted, i.e., its wave-
length is longer (it is redder) than the same line produced
locally by the observer. This is not a classical Doppler effect;
the source and observer are at rest with respect to one another.
Initial efforts to detect the effect in local stars (e.g., the Sun)
were ambiguous because of large turbulent motions on the
Sun’s surface led to Doppler broadening of the lines so that
the ≈ 10−8 predicted fractional shift was washed out. Not
until experiments by Pound & Rebka [50] and Pound &
Snider [51] was an accurate validation achieved, using γ -rays
emitted by Co-57 and absorbed in Fe-57, with a fractional
uncertainty 8 · 10−3 of the total 5 · 10−15 predicted rela-
tive redshift for a 22.5 meter elevation difference. On June
18, 1976, a redshift experiment [46] was launched on a Scout
rocket to an altitude of approximately 10,000 km. Microwave
links found the expected redshift to parts ≈ 7 · 10−5. Chou
et al. [52] used optical clocks separated in altitude by 33
cm to measure the expected redshift. And, of course, GNSS
systems like Galileo and GPS continuously validate the Rel-
ativistic prediction [53].

(b) The earliest efforts to measure the deflection of light
were photographic efforts during solar eclipses when stars
were visible near the (blocked-out) Sun. They definitely
showed the effect, but with large errors. Radio astronomy
allows continuous monitoring of the position of radio sources
as they “pass near” the Sun; deflection can be measured at
very large angles from the Sun; the Hipparcos astrometric
(optical) satellite similarly solved over the whole celestial
sphere for solar deflection. And lensing is ubiquitous in deep
“dark field” images from space telescopes.

(c) In the solar system, only Mercury has a relativistic
perihelion precession that is reasonably observable by opti-
cal techniques. Prior to Einstein’s discovery of GR, Mercury
had a known anomalous perihelion precession of about 43
seconds of arc per century, close to the relativistic predic-
tion. Regular observation of the Hulse–Taylor binary pulsar
[49] is completely described by GR and shows periapse pre-
cession of 4.2◦ degrees per year.

We also briefly report some of the new tests of GR. Spe-
cial relativity gives us the well-known relation E =mc2;
energy and mass are essentially the same thing. The funda-
mental principle underlying GR is the Equivalence Principle
[14,15], which states that test bodies fall the same way in a
gravitational field, regardless of composition (Weak Equiva-
lence), or regardless of composition and percentage of gravi-
tational binding energy (Strong Equivalence). Implied is also
the statement that gravitational active and gravitational pas-
sive mass are the same. The MICROSCOPE satellite experi-
ment [45] compared the behavior of concentric cylinders of
titanium and platinum, and found no difference from Equiv-
alence Principle behavior to parts in 1015. In [38] satellites
of different materials and at different semimajor distances
(in low eccentricity orbits) were compared: LARES, made
of an alloy of sintered tungsten, semimajor axis ∼ 7820 km,
and LAGEOS and LAGEOS-2, made of brass and aluminum,
semimajor axis ∼ 12,200 km. It was found that the observed
orbits satisfied the GR predictions to relative errors O(10−9).
Note that this test included a verification of Earth’s gravita-
tional field O(r−2).
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