
Frame Dragging



Frame Dragging

An Inertial Frame is a frame that is not accelerating (in 
the sense of proper acceleration that would be detected by 
an accelerometer).

In Einstein’s theory of General Relativity inertial 
reference frames are influenced and dragged by the 
distribution and flow of mass– energy in the Universe. 

The dragging of inertial frames by the motion and rotation 
of nearby matter is called frame-dragging.



Frame Dragging and Time Travel

Frame-dragging has an intriguing influence on the flow of 
time around a spinning body.

The LAGEOS satellites
A spinning gyroscope defines very accurately by its rotation an axis
fixed relative to the local inertial frames. Similarly, the orbital plane of
a planet, moon or satellite is a huge gyroscope that ‘feels’ general
relativistic effects. One of the early triumphs3,7,8 of the general theory
of relativity was the prediction of the precession of Mercury’s peri-
helion by the mass of the Sun, whose deviation from the newtonian
result was becoming something of an embarrassment to astronomers.
In 1916, using the general theory of relativity, de Sitter20 also calculated
the additional frame-dragging effect consisting in the much smaller
Mercury’s perihelion shift due to the Sun’s spin (Box 1).

In 1918, Lense and Thirring21 formulated the weak-field and slow-
motion description of frame dragging on the orbit of a test particle
around a spinning body, now known as the Lense–Thirring effect
(Box 1 and Fig. 3). But frame-dragging is extremely small for Solar
System objects, so to measure its effect on the orbit of a satellite

we need to measure the position of the satellite to extremely high
accuracy.

The accurate measurement of distances is a fundamental task in
science and technology. Laser-ranging is the most accurate technique
formeasuring distances to theMoon22,23 and to artificial satellites such
as LAGEOS (laser geodynamics satellite)24. Short-duration laser pulses
are emitted from lasers on Earth and then reflected back to the emit-
ting laser-ranging stations by retro-reflectors on theMoon or on arti-
ficial satellites. By measuring the total round-trip travel time we are
today able to determine the instantaneous distance of a retro-reflector
on the LAGEOS satellites with a precision of a few millimetres25.

LAGEOS24 was launched by NASA in 1976 and LAGEOS2 was
launched by the Italian Space Agency and NASA in 1992, at altitudes
of approximately 5,900 km and 5,800 km respectively. The LAGEOS
satellites’ orbits can be predicted, over a 15-day period, with an
uncertainty of just a few centimetres16,25. The Lense–Thirring drag
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Figure 1 | Frame-dragging effects on clocks by a rotating mass. If two
clocks, or twinsA andC, fly all around a spinning body, even very slowly, and
a third one B awaits them at the starting point, fixed relative to the ‘distant
stars’ (a ‘fixed star’ is shown in blue, and T1, T2 and T3 are three consecutive
instants of time), thenwhen theymeet again, the twinA that was travelling in
the direction opposite to the rotation of the central body, would be younger
relative to the twin B awaiting at the starting point. On the other hand twin
C, travelling in the same direction of rotation of the body, would be older
with respect to the standing twin B and to the twin A rotating in the opposite
direction10–12. For this time dilation, due to the spin of the central body, to

occur, they would not need to move near the speed of light (as in the case of
the well-known ‘twin-paradox’ of special relativity). For example, if two such
twins meet again, having flown arbitrarily slowly around the whole Earth in
opposite directions on the equatorial plane and exactly at the same altitude,
the difference in their ages due to the Earth’s spin would be approximately
10216 s (for an altitude of about 6,000 km), which would be in principle
detectable if not for the other, much larger, relativistic clock effects.
However, frame-dragging does produce relevant effects on light and matter
around a rotating black hole81. (Earth’s image by NASA and Google Earth.)
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Figure 2 | Frame-dragging and the gravitomagnetic analogy of the general
theory of relativity with electrodynamics. In the general theory of relativity,
freely falling test-gyroscopes, that is, sufficiently small and accurate spinning
tops, determine the axes of the local, non-rotating, inertial frames1–3, where
the equivalence principle holds—that is, where the gravitational field is
locally ‘unobservable’ and all the laws of physics are the laws of the special
theory of relativity2. Therefore, if we rotate with respect to these gyroscopes,
we feel centrifugal forces, even though wemay not rotate at all with respect to
the ‘distant stars’, contrary to our everyday intuition. Indeed, a gyroscope is
draggedby spinningmasses, that is, its orientation changeswith respect to the
‘distant stars’. Frame-dragging phenomena, which are due to mass currents
andmass rotation, have been called gravitomagnetism3,13 because of a formal
analogy of electrodynamics with the general theory of relativity (in the weak
field and slow motion approximation). Whereas an electric charge generates
an electric field and a current of electric charge generates a magnetic field, in
newtonian gravitational theory the mass of a body generates a gravitational

field but a current of mass, for example the rotation of a body, would not
generate any additional gravitational field. On the other hand, Einstein’s
gravitational theory predicts that a current of mass would generate a
gravitomagnetic field that would exert a force on surrounding bodies and
would change the spacetime structure by generating additional curvature81.
The gravitomagnetic field generates frame-dragging of a gyroscope, in a
similar way to themagnetic field producing the change of the orientation of a
magnetic needle (magnetic dipole). Indeed, in the general theory of relativity,
a current of mass in a loop (that is, a gyroscope) has a behaviour formally
similar to that of a magnetic dipole in electrodynamics, which is made of an
electric current in a loop (Box 1). In panel a I show the magnetic field
B generated by a magnetic dipolem and a test magnetic dipole m, that is, a
magnetic needle, which tends to be aligned along B. In panel b is the
gravitomagnetic field14H generated by the spin J of a central body and frame-
dragging V of a test gyroscope S.
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The object co-rotating with the Earth will take longer than a 
object counter-rotating on the same orbit to get back to the 
same point with respect to a distant star. 



Frame Dragging and Time Travel

For example, around the spinning Earth, the difference between the 
travel times of two pulses of electromagnetic radiation counter-
propagating at the same radius would be: 

∆𝑡 =
8𝜋𝐺𝐽()*+,

𝑐.𝑟

The spin time delay must be taken into account in the modeling of 
relative time delays between images observed by gravitational lensing.



Frame Dragging and Time Travel

For example, around the spinning Earth, the difference between the travel 
times of two pulses of electromagnetic radiation counter-propagating at the 
same radius would be: 
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The spin time delay must be taken into account in the modeling of 
relative time delays between images observed by gravitational lensing.



Frame Dragging and Time Travel

For time-travel into the future using frame dragging there 
is no need for the object to move near the speed of light.

For example, if two twins meet again, having flown 
arbitrarily slowly around the whole Earth in opposite 
directions on the equatorial plane and exactly at the same 
altitude, the difference in their ages due to the Earth’s spin 
would be approximately 10-16 s.  

The LAGEOS satellites
A spinning gyroscope defines very accurately by its rotation an axis
fixed relative to the local inertial frames. Similarly, the orbital plane of
a planet, moon or satellite is a huge gyroscope that ‘feels’ general
relativistic effects. One of the early triumphs3,7,8 of the general theory
of relativity was the prediction of the precession of Mercury’s peri-
helion by the mass of the Sun, whose deviation from the newtonian
result was becoming something of an embarrassment to astronomers.
In 1916, using the general theory of relativity, de Sitter20 also calculated
the additional frame-dragging effect consisting in the much smaller
Mercury’s perihelion shift due to the Sun’s spin (Box 1).

In 1918, Lense and Thirring21 formulated the weak-field and slow-
motion description of frame dragging on the orbit of a test particle
around a spinning body, now known as the Lense–Thirring effect
(Box 1 and Fig. 3). But frame-dragging is extremely small for Solar
System objects, so to measure its effect on the orbit of a satellite

we need to measure the position of the satellite to extremely high
accuracy.

The accurate measurement of distances is a fundamental task in
science and technology. Laser-ranging is the most accurate technique
formeasuring distances to theMoon22,23 and to artificial satellites such
as LAGEOS (laser geodynamics satellite)24. Short-duration laser pulses
are emitted from lasers on Earth and then reflected back to the emit-
ting laser-ranging stations by retro-reflectors on theMoon or on arti-
ficial satellites. By measuring the total round-trip travel time we are
today able to determine the instantaneous distance of a retro-reflector
on the LAGEOS satellites with a precision of a few millimetres25.

LAGEOS24 was launched by NASA in 1976 and LAGEOS2 was
launched by the Italian Space Agency and NASA in 1992, at altitudes
of approximately 5,900 km and 5,800 km respectively. The LAGEOS
satellites’ orbits can be predicted, over a 15-day period, with an
uncertainty of just a few centimetres16,25. The Lense–Thirring drag
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Figure 1 | Frame-dragging effects on clocks by a rotating mass. If two
clocks, or twinsA andC, fly all around a spinning body, even very slowly, and
a third one B awaits them at the starting point, fixed relative to the ‘distant
stars’ (a ‘fixed star’ is shown in blue, and T1, T2 and T3 are three consecutive
instants of time), thenwhen theymeet again, the twinA that was travelling in
the direction opposite to the rotation of the central body, would be younger
relative to the twin B awaiting at the starting point. On the other hand twin
C, travelling in the same direction of rotation of the body, would be older
with respect to the standing twin B and to the twin A rotating in the opposite
direction10–12. For this time dilation, due to the spin of the central body, to

occur, they would not need to move near the speed of light (as in the case of
the well-known ‘twin-paradox’ of special relativity). For example, if two such
twins meet again, having flown arbitrarily slowly around the whole Earth in
opposite directions on the equatorial plane and exactly at the same altitude,
the difference in their ages due to the Earth’s spin would be approximately
10216 s (for an altitude of about 6,000 km), which would be in principle
detectable if not for the other, much larger, relativistic clock effects.
However, frame-dragging does produce relevant effects on light and matter
around a rotating black hole81. (Earth’s image by NASA and Google Earth.)
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Figure 2 | Frame-dragging and the gravitomagnetic analogy of the general
theory of relativity with electrodynamics. In the general theory of relativity,
freely falling test-gyroscopes, that is, sufficiently small and accurate spinning
tops, determine the axes of the local, non-rotating, inertial frames1–3, where
the equivalence principle holds—that is, where the gravitational field is
locally ‘unobservable’ and all the laws of physics are the laws of the special
theory of relativity2. Therefore, if we rotate with respect to these gyroscopes,
we feel centrifugal forces, even though wemay not rotate at all with respect to
the ‘distant stars’, contrary to our everyday intuition. Indeed, a gyroscope is
draggedby spinningmasses, that is, its orientation changeswith respect to the
‘distant stars’. Frame-dragging phenomena, which are due to mass currents
andmass rotation, have been called gravitomagnetism3,13 because of a formal
analogy of electrodynamics with the general theory of relativity (in the weak
field and slow motion approximation). Whereas an electric charge generates
an electric field and a current of electric charge generates a magnetic field, in
newtonian gravitational theory the mass of a body generates a gravitational

field but a current of mass, for example the rotation of a body, would not
generate any additional gravitational field. On the other hand, Einstein’s
gravitational theory predicts that a current of mass would generate a
gravitomagnetic field that would exert a force on surrounding bodies and
would change the spacetime structure by generating additional curvature81.
The gravitomagnetic field generates frame-dragging of a gyroscope, in a
similar way to themagnetic field producing the change of the orientation of a
magnetic needle (magnetic dipole). Indeed, in the general theory of relativity,
a current of mass in a loop (that is, a gyroscope) has a behaviour formally
similar to that of a magnetic dipole in electrodynamics, which is made of an
electric current in a loop (Box 1). In panel a I show the magnetic field
B generated by a magnetic dipolem and a test magnetic dipole m, that is, a
magnetic needle, which tends to be aligned along B. In panel b is the
gravitomagnetic field14H generated by the spin J of a central body and frame-
dragging V of a test gyroscope S.
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Lense –Thirring Effect

In 1918, Lense and Thirring formulated the weak-field and 
slow-motion description of frame dragging on the orbit of a 
test particle around a spinning body.

Lense-Thirring precession can be thought of as the dragging 
of inertial frames around rotating masses. The rotation twists 
the surrounding space, perturbing the orbits of nearby masses.

Attempts to measure frame-dragging of the accretion disks 
of black holes have resulted in inconclusive results because 
of the complexity the disks.

The Earths gravitational field even though much weaker 
also produces frame dragging.  We will describe attempts to 
measure frame dragging by the Earths field.



Frame Dragging in Weak Gravitational Field

The precession, with rate WL–T, of the longitude of the nodal line of a
test-particle, that is, of its orbital angular momentum vector, is:

Where J is the angular momentum of the central body, a the semi-major
axis of the orbiting test-particle and e its orbital eccentricity.

of the orbital planes of LAGEOS and LAGEOS2 (Box 1) is26,27

approximately 31 milliarcseconds per year, corresponding at the
LAGEOS altitude to approximately 1.9m yr21. Using laser-ranging
we can determine their orbits with an accuracy of a few centimetres,
so the Lense–Thirring effect can be measured very accurately on the
LAGEOS satellites’ orbits if all their orbital perturbations can be
modelled well enough26–30,82. On the other hand, the LAGEOS satel-
lites are very heavy spherical satellites with small cross-sectional
areas, so atmospheric particles and photons can only slightly perturb
their orbits31 and especially they can hardly change the orientation of
their orbital planes28–30,32,82.

By far the main perturbation of their orbital planes is due to the
Earth’s deviations from spherical symmetry33. In particular, the flat-
tening of the Earth’s gravitational potential produces a large per-
turbation of the LAGEOS node28–30,82. But thanks to the
observations of the geodetic satellites, the Earth’s shape and its grav-
itational field are extremely well known. For example, the flattening
of the Earth’s gravitational potential is today measured34 with an
uncertainty of only about one part in 107. To eliminate the orbital
uncertainties due to the errors in the Earth’s gravity models, the use
of both LAGEOS and LAGEOS2 was proposed27. However, it was not
easy to confidently assess the accuracy of the earlier measure-
ments35,36 of the Lense–Thirring effect with the LAGEOS satellites,
given the limiting factor of the uncertainty of the gravity models
available in 1998.

The problem37,38 of the uncertainties in the Earth’s gravity field was
overcome inMarch 2002 when the twin GRACE (gravity recovery and
climate experiment)39,40 spacecraft of NASA were launched in a polar
orbit at an altitude of approximately 400 km and about 200–250km
apart. The spacecraft range to each other using radar and they are
tracked by the global positioning satellites. The GRACE satellites have
greatly improved our knowledge of the Earth’s gravitational field.
Indeed, by using the two LAGEOS satellites and the GRACE Earth
gravity models34, the orbital uncertainties due to the modelling errors
in the non-spherical Earth’s gravitational field are only a few per cent of
theLense–Thirring effect16. In 2004, nearly eleven years of laser-ranging
data were analysed. This analysis resulted in a measurement of the
Lense–Thirring effect with an accuracy15,16 of approximately 10%; the

main error source was the uncertainty in some of the Earth’s axially
symmetric departures from sphericity (see Figs 3 and 4). After 2004,
other accurate Earth gravity models have been published using longer
GRACE observations. The LAGEOS analyses have been recently
repeated with thesemodels, over a longer period and by using different
orbital programs independently developed by NASA Goddard and
the GeoForschungsZentrum (GFZ) Potsdam. These recent frame-
dragging measurements41, by a team from the universities of Salento,
Rome, Maryland, NASA Goddard and the GFZ Potsdam, have
improved the precision of the 2004 LAGEOS determination of the
Lense–Thirring effect. No deviations from the predictions of the gen-
eral theory of relativity have been observed. The laser-ranged satellite
LARES (laser relativity satellite, Italian Space Agency), should in future
provide an improved test of the Earth’s gravitomagnetism with accu-
racy of the order of 1%.

Gravity Probe B
In 1959 and 1960, an experiment to test the general relativistic drag of
a gyroscope was suggested42–44. On 20 April 2004, after more than
40 years of preparation, the Gravity Probe B spacecraft was finally
launched in a polar orbit at an altitude of about 642 km (Fig. 5). The
Gravity Probe B mission45,46 (see an update of Gravity Probe B at
http://einstein.stanford.edu/) consisted of an Earth satellite carrying
four gyroscopes and one telescope, and was designed to measure the
relativistic precessions of the four test-gyroscopes with respect to the
distant ‘fixed’ stars. Whereas frame-dragging affects the orbital plane
of the LAGEOS satellites, on Gravity Probe B it acted on its small
gyroscopes. The two relativistic effects sought for are geodetic pre-
cession and frame-dragging by the Earth angular momentum.

The general theory of relativity predicts (Box 1) that the average
frame-dragging precession of the four Gravity Probe B gyroscopes by
the Earth’s spin will be about 39milliarcseconds per year, that is,
0.000011 degrees per year, about an axis contained in Gravity Probe
B’s polar orbital plane. The geodetic precession, due to the motion of
the four gyroscopes around the Earth mass, is a much larger drift of
approximately 6,600milliarcseconds per year, that is, 0.0018 degrees
per year, about an axis orthogonal to Gravity Probe B’s orbital plane

Box 1 j Frame-dragging in weak gravitational field and slow motion

The precession, with rate VL–T, of the longitude of the nodal line of a
test-particle, that is, of its orbital angular momentum vector, is:

VL!T ~
2 J

a3(1{e2)3=2

where J is the angularmomentumof the central body, a the semi-major
axis of the orbiting test-particle and e its orbital eccentricity.

The rate of change vL–T of the longitude of the pericentre of a test-
particle, that is, of the so-called Runge–Lenz vector, is:

v L{T ~
2J

a3(1{e2)3=2
(ĴJ{3 cos I l̂l)

where I is the orbital inclination, that is, the angle between the orbital
plane of the test-particle and the equatorial plane of the central object,

ĴJ is the angular momentum unit-vector of the central body and l̂l the
orbital angular momentum unit-vector of the test-particle.

The precessionVS of the spin axis of a test-gyroscope by the angular
momentum J of the central body is:

VS ~
3 (J: r̂r ) r̂r{ J

r3

where r̂r is the position unit-vector of the test-gyroscope and r is its
radial distance from the central body.

The geodetic precession Vgeodetic of a test-gyroscope due to its
velocity v, orbiting at a radial distance r from a mass M, is:

Vgeodetic ~{
3

2

M

r2
v| r̂r

LAGEOS
LAGEOS orbital plane

δJ4

Earth spherical harmonic J4
(degree 4 and order 0)

Lense–Thirring drag

Figure 3 | The Lense–Thirring effect on the orbital plane of a test-particle.
The Lense–Thirring precession of the orbital plane of a test-particle by the
spin of a central body is represented by the big red arrow. Also shown is the
Earth deviation from spherical symmetry (enhanced, and so not to scale)
described by the so-called even zonal harmonic of degree four, J4. The
uncertainty in its static part is the largest source of error in the present
measurement of frame-dragging using the LAGEOS satellites. The
maximum precession of the LAGEOS orbital plane due to the uncertainty in
J4, that is, the nodal precession error due to dJ4, is represented by the blue
arrow; this error and the Lense–Thirring effect are drawn to scale; indeed, the
nodal uncertainty due to the error dJ4 corresponds, according to the 2004
GRACE (GFZ) Earth gravity model34, to only 3% of the Lense–Thirring
effect.
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Frame Dragging in Weak Gravitational Field

The precession, with rate WL–T, of the longitude of the nodal line of a
test-particle, that is, orbiting around the Earth at a low orbit is:
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areas, so atmospheric particles and photons can only slightly perturb
their orbits31 and especially they can hardly change the orientation of
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of the Earth’s gravitational potential is today measured34 with an
uncertainty of only about one part in 107. To eliminate the orbital
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Indeed, by using the two LAGEOS satellites and the GRACE Earth
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particle, that is, of the so-called Runge–Lenz vector, is:

v L{T ~
2J

a3(1{e2)3=2
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where r̂r is the position unit-vector of the test-gyroscope and r is its
radial distance from the central body.
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Figure 3 | The Lense–Thirring effect on the orbital plane of a test-particle.
The Lense–Thirring precession of the orbital plane of a test-particle by the
spin of a central body is represented by the big red arrow. Also shown is the
Earth deviation from spherical symmetry (enhanced, and so not to scale)
described by the so-called even zonal harmonic of degree four, J4. The
uncertainty in its static part is the largest source of error in the present
measurement of frame-dragging using the LAGEOS satellites. The
maximum precession of the LAGEOS orbital plane due to the uncertainty in
J4, that is, the nodal precession error due to dJ4, is represented by the blue
arrow; this error and the Lense–Thirring effect are drawn to scale; indeed, the
nodal uncertainty due to the error dJ4 corresponds, according to the 2004
GRACE (GFZ) Earth gravity model34, to only 3% of the Lense–Thirring
effect.
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Gravitomagnetic Analogy of General Relativity with 
Electrodynamics.

Analogous to an accelerating charge producing a magnetic field, an 
accelerating mass produces certain ‘‘gravitomagnetic’’ effects. 

For weak gravitational fields there is an analogy between the equations that 
govern the forces on a spinning electric charge (magnetic moment µ) 
moving  through a magnetic field and the forces on a spinning mass  
moving through the field of a rotating mass.  

The magnetic dipole will feel a force due to the magnetic field and rotate.
In a similar manner the spinning mass will experience a force and precess.

The LAGEOS satellites
A spinning gyroscope defines very accurately by its rotation an axis
fixed relative to the local inertial frames. Similarly, the orbital plane of
a planet, moon or satellite is a huge gyroscope that ‘feels’ general
relativistic effects. One of the early triumphs3,7,8 of the general theory
of relativity was the prediction of the precession of Mercury’s peri-
helion by the mass of the Sun, whose deviation from the newtonian
result was becoming something of an embarrassment to astronomers.
In 1916, using the general theory of relativity, de Sitter20 also calculated
the additional frame-dragging effect consisting in the much smaller
Mercury’s perihelion shift due to the Sun’s spin (Box 1).

In 1918, Lense and Thirring21 formulated the weak-field and slow-
motion description of frame dragging on the orbit of a test particle
around a spinning body, now known as the Lense–Thirring effect
(Box 1 and Fig. 3). But frame-dragging is extremely small for Solar
System objects, so to measure its effect on the orbit of a satellite

we need to measure the position of the satellite to extremely high
accuracy.

The accurate measurement of distances is a fundamental task in
science and technology. Laser-ranging is the most accurate technique
formeasuring distances to theMoon22,23 and to artificial satellites such
as LAGEOS (laser geodynamics satellite)24. Short-duration laser pulses
are emitted from lasers on Earth and then reflected back to the emit-
ting laser-ranging stations by retro-reflectors on theMoon or on arti-
ficial satellites. By measuring the total round-trip travel time we are
today able to determine the instantaneous distance of a retro-reflector
on the LAGEOS satellites with a precision of a few millimetres25.

LAGEOS24 was launched by NASA in 1976 and LAGEOS2 was
launched by the Italian Space Agency and NASA in 1992, at altitudes
of approximately 5,900 km and 5,800 km respectively. The LAGEOS
satellites’ orbits can be predicted, over a 15-day period, with an
uncertainty of just a few centimetres16,25. The Lense–Thirring drag
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Figure 1 | Frame-dragging effects on clocks by a rotating mass. If two
clocks, or twinsA andC, fly all around a spinning body, even very slowly, and
a third one B awaits them at the starting point, fixed relative to the ‘distant
stars’ (a ‘fixed star’ is shown in blue, and T1, T2 and T3 are three consecutive
instants of time), thenwhen theymeet again, the twinA that was travelling in
the direction opposite to the rotation of the central body, would be younger
relative to the twin B awaiting at the starting point. On the other hand twin
C, travelling in the same direction of rotation of the body, would be older
with respect to the standing twin B and to the twin A rotating in the opposite
direction10–12. For this time dilation, due to the spin of the central body, to

occur, they would not need to move near the speed of light (as in the case of
the well-known ‘twin-paradox’ of special relativity). For example, if two such
twins meet again, having flown arbitrarily slowly around the whole Earth in
opposite directions on the equatorial plane and exactly at the same altitude,
the difference in their ages due to the Earth’s spin would be approximately
10216 s (for an altitude of about 6,000 km), which would be in principle
detectable if not for the other, much larger, relativistic clock effects.
However, frame-dragging does produce relevant effects on light and matter
around a rotating black hole81. (Earth’s image by NASA and Google Earth.)
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Figure 2 | Frame-dragging and the gravitomagnetic analogy of the general
theory of relativity with electrodynamics. In the general theory of relativity,
freely falling test-gyroscopes, that is, sufficiently small and accurate spinning
tops, determine the axes of the local, non-rotating, inertial frames1–3, where
the equivalence principle holds—that is, where the gravitational field is
locally ‘unobservable’ and all the laws of physics are the laws of the special
theory of relativity2. Therefore, if we rotate with respect to these gyroscopes,
we feel centrifugal forces, even though wemay not rotate at all with respect to
the ‘distant stars’, contrary to our everyday intuition. Indeed, a gyroscope is
draggedby spinningmasses, that is, its orientation changeswith respect to the
‘distant stars’. Frame-dragging phenomena, which are due to mass currents
andmass rotation, have been called gravitomagnetism3,13 because of a formal
analogy of electrodynamics with the general theory of relativity (in the weak
field and slow motion approximation). Whereas an electric charge generates
an electric field and a current of electric charge generates a magnetic field, in
newtonian gravitational theory the mass of a body generates a gravitational

field but a current of mass, for example the rotation of a body, would not
generate any additional gravitational field. On the other hand, Einstein’s
gravitational theory predicts that a current of mass would generate a
gravitomagnetic field that would exert a force on surrounding bodies and
would change the spacetime structure by generating additional curvature81.
The gravitomagnetic field generates frame-dragging of a gyroscope, in a
similar way to themagnetic field producing the change of the orientation of a
magnetic needle (magnetic dipole). Indeed, in the general theory of relativity,
a current of mass in a loop (that is, a gyroscope) has a behaviour formally
similar to that of a magnetic dipole in electrodynamics, which is made of an
electric current in a loop (Box 1). In panel a I show the magnetic field
B generated by a magnetic dipolem and a test magnetic dipole m, that is, a
magnetic needle, which tends to be aligned along B. In panel b is the
gravitomagnetic field14H generated by the spin J of a central body and frame-
dragging V of a test gyroscope S.

REVIEWS NATUREjVol 449j6 September 2007

42
Nature   ©2 0 0 7 Publis hing Group



Gravitomagnetic Effects

Three gravitomagnetic effects are: 

(i) the precession of a gyroscope in orbit about a rotating mass, 

(ii)   the precession of orbital planes in which a mass orbiting a large 
rotating body constitutes a gyroscopic system whose orbital axis will 
precess, and 

(iii)  the precession of the pericenter of the orbit of a test mass about a 
massive rotating object.

Gravity Probe B satellite attempted to measure effects (i) and (ii)
The LAGEOS satellites attempted to measure effect (ii)
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Where J is the angular momentum of Earth, r is the position unit vector of the gyro, r is the 
distance of the gyro from Earth,  M is the mass of the Earth and v is the velocity of the 
gyroscope.
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Geodetic Effect

The Geodetic effect (the missing inch) represents 
the warpage by the Earth of the local spacetime in 
which it resides. 

http://www.youtube.com/watch?v=at_UDvq0UyM
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The LAGEOS Satellites

Frame-dragging is extremely small for Solar System objects, so to 
measure its effect on the orbit of a satellite we need to measure the 
position of the satellite to extremely high accuracy.

Laser-ranging is the most accurate technique for measuring distances to 
satellites such as the LAGEOS (laser geodynamics satellite).

Experimental Tests of Frame-Dragging

of the orbital planes of LAGEOS and LAGEOS2 (Box 1) is26,27

approximately 31 milliarcseconds per year, corresponding at the
LAGEOS altitude to approximately 1.9m yr21. Using laser-ranging
we can determine their orbits with an accuracy of a few centimetres,
so the Lense–Thirring effect can be measured very accurately on the
LAGEOS satellites’ orbits if all their orbital perturbations can be
modelled well enough26–30,82. On the other hand, the LAGEOS satel-
lites are very heavy spherical satellites with small cross-sectional
areas, so atmospheric particles and photons can only slightly perturb
their orbits31 and especially they can hardly change the orientation of
their orbital planes28–30,32,82.

By far the main perturbation of their orbital planes is due to the
Earth’s deviations from spherical symmetry33. In particular, the flat-
tening of the Earth’s gravitational potential produces a large per-
turbation of the LAGEOS node28–30,82. But thanks to the
observations of the geodetic satellites, the Earth’s shape and its grav-
itational field are extremely well known. For example, the flattening
of the Earth’s gravitational potential is today measured34 with an
uncertainty of only about one part in 107. To eliminate the orbital
uncertainties due to the errors in the Earth’s gravity models, the use
of both LAGEOS and LAGEOS2 was proposed27. However, it was not
easy to confidently assess the accuracy of the earlier measure-
ments35,36 of the Lense–Thirring effect with the LAGEOS satellites,
given the limiting factor of the uncertainty of the gravity models
available in 1998.

The problem37,38 of the uncertainties in the Earth’s gravity field was
overcome inMarch 2002 when the twin GRACE (gravity recovery and
climate experiment)39,40 spacecraft of NASA were launched in a polar
orbit at an altitude of approximately 400 km and about 200–250km
apart. The spacecraft range to each other using radar and they are
tracked by the global positioning satellites. The GRACE satellites have
greatly improved our knowledge of the Earth’s gravitational field.
Indeed, by using the two LAGEOS satellites and the GRACE Earth
gravity models34, the orbital uncertainties due to the modelling errors
in the non-spherical Earth’s gravitational field are only a few per cent of
theLense–Thirring effect16. In 2004, nearly eleven years of laser-ranging
data were analysed. This analysis resulted in a measurement of the
Lense–Thirring effect with an accuracy15,16 of approximately 10%; the

main error source was the uncertainty in some of the Earth’s axially
symmetric departures from sphericity (see Figs 3 and 4). After 2004,
other accurate Earth gravity models have been published using longer
GRACE observations. The LAGEOS analyses have been recently
repeated with thesemodels, over a longer period and by using different
orbital programs independently developed by NASA Goddard and
the GeoForschungsZentrum (GFZ) Potsdam. These recent frame-
dragging measurements41, by a team from the universities of Salento,
Rome, Maryland, NASA Goddard and the GFZ Potsdam, have
improved the precision of the 2004 LAGEOS determination of the
Lense–Thirring effect. No deviations from the predictions of the gen-
eral theory of relativity have been observed. The laser-ranged satellite
LARES (laser relativity satellite, Italian Space Agency), should in future
provide an improved test of the Earth’s gravitomagnetism with accu-
racy of the order of 1%.

Gravity Probe B
In 1959 and 1960, an experiment to test the general relativistic drag of
a gyroscope was suggested42–44. On 20 April 2004, after more than
40 years of preparation, the Gravity Probe B spacecraft was finally
launched in a polar orbit at an altitude of about 642 km (Fig. 5). The
Gravity Probe B mission45,46 (see an update of Gravity Probe B at
http://einstein.stanford.edu/) consisted of an Earth satellite carrying
four gyroscopes and one telescope, and was designed to measure the
relativistic precessions of the four test-gyroscopes with respect to the
distant ‘fixed’ stars. Whereas frame-dragging affects the orbital plane
of the LAGEOS satellites, on Gravity Probe B it acted on its small
gyroscopes. The two relativistic effects sought for are geodetic pre-
cession and frame-dragging by the Earth angular momentum.

The general theory of relativity predicts (Box 1) that the average
frame-dragging precession of the four Gravity Probe B gyroscopes by
the Earth’s spin will be about 39milliarcseconds per year, that is,
0.000011 degrees per year, about an axis contained in Gravity Probe
B’s polar orbital plane. The geodetic precession, due to the motion of
the four gyroscopes around the Earth mass, is a much larger drift of
approximately 6,600milliarcseconds per year, that is, 0.0018 degrees
per year, about an axis orthogonal to Gravity Probe B’s orbital plane

Box 1 j Frame-dragging in weak gravitational field and slow motion

The precession, with rate VL–T, of the longitude of the nodal line of a
test-particle, that is, of its orbital angular momentum vector, is:

VL!T ~
2 J

a3(1{e2)3=2

where J is the angularmomentumof the central body, a the semi-major
axis of the orbiting test-particle and e its orbital eccentricity.

The rate of change vL–T of the longitude of the pericentre of a test-
particle, that is, of the so-called Runge–Lenz vector, is:

v L{T ~
2J

a3(1{e2)3=2
(ĴJ{3 cos I l̂l)

where I is the orbital inclination, that is, the angle between the orbital
plane of the test-particle and the equatorial plane of the central object,

ĴJ is the angular momentum unit-vector of the central body and l̂l the
orbital angular momentum unit-vector of the test-particle.

The precessionVS of the spin axis of a test-gyroscope by the angular
momentum J of the central body is:

VS ~
3 (J: r̂r ) r̂r{ J

r3

where r̂r is the position unit-vector of the test-gyroscope and r is its
radial distance from the central body.

The geodetic precession Vgeodetic of a test-gyroscope due to its
velocity v, orbiting at a radial distance r from a mass M, is:

Vgeodetic ~{
3

2

M

r2
v| r̂r

LAGEOS
LAGEOS orbital plane

δJ4

Earth spherical harmonic J4
(degree 4 and order 0)

Lense–Thirring drag

Figure 3 | The Lense–Thirring effect on the orbital plane of a test-particle.
The Lense–Thirring precession of the orbital plane of a test-particle by the
spin of a central body is represented by the big red arrow. Also shown is the
Earth deviation from spherical symmetry (enhanced, and so not to scale)
described by the so-called even zonal harmonic of degree four, J4. The
uncertainty in its static part is the largest source of error in the present
measurement of frame-dragging using the LAGEOS satellites. The
maximum precession of the LAGEOS orbital plane due to the uncertainty in
J4, that is, the nodal precession error due to dJ4, is represented by the blue
arrow; this error and the Lense–Thirring effect are drawn to scale; indeed, the
nodal uncertainty due to the error dJ4 corresponds, according to the 2004
GRACE (GFZ) Earth gravity model34, to only 3% of the Lense–Thirring
effect.
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The LAGEOS Satellites

Determining accurate distances to satellites using laser-ranging:

Short laser pulses are emitted from Earth and then reflected by the 
LAGEOS satellites. By measuring the total round-trip travel time the 
distances to LAGEOS satellites are determined with a precision of a few 
millimeters.

LAGEOS  was launched by NASA in 1976 and LAGEOS2 was launched 
by the Italian Space Agency and NASA in 1992, at altitudes of 
approximately 5,900 km and 5,800 km respectively. 

Experimental Tests of Frame-Dragging



The Lense–Thirring drag of the orbital 
planes of LAGEOS and LAGEOS2 is 
~0.031 arcsec per year, corresponding 
at the LAGEOS altitude to ~ 1.9 m/yr.

The main perturbation of the orbital 
planes on the LAGEOS satellites is due 
to the Earth’s deviations from spherical 
symmetry.

Accurate measurements of the Earth’s 
gravitational field performed by the 
GRACE satellites have reduced the 
orbital uncertainties due to the modeling 
errors in the non-spherical Earth’s 
gravitational field to only a few per cent 
of the Lense–Thirring effect.

Experimental Tests of Frame-Dragging

of the orbital planes of LAGEOS and LAGEOS2 (Box 1) is26,27

approximately 31 milliarcseconds per year, corresponding at the
LAGEOS altitude to approximately 1.9m yr21. Using laser-ranging
we can determine their orbits with an accuracy of a few centimetres,
so the Lense–Thirring effect can be measured very accurately on the
LAGEOS satellites’ orbits if all their orbital perturbations can be
modelled well enough26–30,82. On the other hand, the LAGEOS satel-
lites are very heavy spherical satellites with small cross-sectional
areas, so atmospheric particles and photons can only slightly perturb
their orbits31 and especially they can hardly change the orientation of
their orbital planes28–30,32,82.

By far the main perturbation of their orbital planes is due to the
Earth’s deviations from spherical symmetry33. In particular, the flat-
tening of the Earth’s gravitational potential produces a large per-
turbation of the LAGEOS node28–30,82. But thanks to the
observations of the geodetic satellites, the Earth’s shape and its grav-
itational field are extremely well known. For example, the flattening
of the Earth’s gravitational potential is today measured34 with an
uncertainty of only about one part in 107. To eliminate the orbital
uncertainties due to the errors in the Earth’s gravity models, the use
of both LAGEOS and LAGEOS2 was proposed27. However, it was not
easy to confidently assess the accuracy of the earlier measure-
ments35,36 of the Lense–Thirring effect with the LAGEOS satellites,
given the limiting factor of the uncertainty of the gravity models
available in 1998.

The problem37,38 of the uncertainties in the Earth’s gravity field was
overcome inMarch 2002 when the twin GRACE (gravity recovery and
climate experiment)39,40 spacecraft of NASA were launched in a polar
orbit at an altitude of approximately 400 km and about 200–250km
apart. The spacecraft range to each other using radar and they are
tracked by the global positioning satellites. The GRACE satellites have
greatly improved our knowledge of the Earth’s gravitational field.
Indeed, by using the two LAGEOS satellites and the GRACE Earth
gravity models34, the orbital uncertainties due to the modelling errors
in the non-spherical Earth’s gravitational field are only a few per cent of
theLense–Thirring effect16. In 2004, nearly eleven years of laser-ranging
data were analysed. This analysis resulted in a measurement of the
Lense–Thirring effect with an accuracy15,16 of approximately 10%; the

main error source was the uncertainty in some of the Earth’s axially
symmetric departures from sphericity (see Figs 3 and 4). After 2004,
other accurate Earth gravity models have been published using longer
GRACE observations. The LAGEOS analyses have been recently
repeated with thesemodels, over a longer period and by using different
orbital programs independently developed by NASA Goddard and
the GeoForschungsZentrum (GFZ) Potsdam. These recent frame-
dragging measurements41, by a team from the universities of Salento,
Rome, Maryland, NASA Goddard and the GFZ Potsdam, have
improved the precision of the 2004 LAGEOS determination of the
Lense–Thirring effect. No deviations from the predictions of the gen-
eral theory of relativity have been observed. The laser-ranged satellite
LARES (laser relativity satellite, Italian Space Agency), should in future
provide an improved test of the Earth’s gravitomagnetism with accu-
racy of the order of 1%.

Gravity Probe B
In 1959 and 1960, an experiment to test the general relativistic drag of
a gyroscope was suggested42–44. On 20 April 2004, after more than
40 years of preparation, the Gravity Probe B spacecraft was finally
launched in a polar orbit at an altitude of about 642 km (Fig. 5). The
Gravity Probe B mission45,46 (see an update of Gravity Probe B at
http://einstein.stanford.edu/) consisted of an Earth satellite carrying
four gyroscopes and one telescope, and was designed to measure the
relativistic precessions of the four test-gyroscopes with respect to the
distant ‘fixed’ stars. Whereas frame-dragging affects the orbital plane
of the LAGEOS satellites, on Gravity Probe B it acted on its small
gyroscopes. The two relativistic effects sought for are geodetic pre-
cession and frame-dragging by the Earth angular momentum.

The general theory of relativity predicts (Box 1) that the average
frame-dragging precession of the four Gravity Probe B gyroscopes by
the Earth’s spin will be about 39milliarcseconds per year, that is,
0.000011 degrees per year, about an axis contained in Gravity Probe
B’s polar orbital plane. The geodetic precession, due to the motion of
the four gyroscopes around the Earth mass, is a much larger drift of
approximately 6,600milliarcseconds per year, that is, 0.0018 degrees
per year, about an axis orthogonal to Gravity Probe B’s orbital plane

Box 1 j Frame-dragging in weak gravitational field and slow motion

The precession, with rate VL–T, of the longitude of the nodal line of a
test-particle, that is, of its orbital angular momentum vector, is:

VL!T ~
2 J

a3(1{e2)3=2

where J is the angularmomentumof the central body, a the semi-major
axis of the orbiting test-particle and e its orbital eccentricity.

The rate of change vL–T of the longitude of the pericentre of a test-
particle, that is, of the so-called Runge–Lenz vector, is:

v L{T ~
2J

a3(1{e2)3=2
(ĴJ{3 cos I l̂l)

where I is the orbital inclination, that is, the angle between the orbital
plane of the test-particle and the equatorial plane of the central object,

ĴJ is the angular momentum unit-vector of the central body and l̂l the
orbital angular momentum unit-vector of the test-particle.

The precessionVS of the spin axis of a test-gyroscope by the angular
momentum J of the central body is:

VS ~
3 (J: r̂r ) r̂r{ J

r3

where r̂r is the position unit-vector of the test-gyroscope and r is its
radial distance from the central body.

The geodetic precession Vgeodetic of a test-gyroscope due to its
velocity v, orbiting at a radial distance r from a mass M, is:

Vgeodetic ~{
3

2

M

r2
v| r̂r

LAGEOS
LAGEOS orbital plane

δJ4

Earth spherical harmonic J4
(degree 4 and order 0)

Lense–Thirring drag

Figure 3 | The Lense–Thirring effect on the orbital plane of a test-particle.
The Lense–Thirring precession of the orbital plane of a test-particle by the
spin of a central body is represented by the big red arrow. Also shown is the
Earth deviation from spherical symmetry (enhanced, and so not to scale)
described by the so-called even zonal harmonic of degree four, J4. The
uncertainty in its static part is the largest source of error in the present
measurement of frame-dragging using the LAGEOS satellites. The
maximum precession of the LAGEOS orbital plane due to the uncertainty in
J4, that is, the nodal precession error due to dJ4, is represented by the blue
arrow; this error and the Lense–Thirring effect are drawn to scale; indeed, the
nodal uncertainty due to the error dJ4 corresponds, according to the 2004
GRACE (GFZ) Earth gravity model34, to only 3% of the Lense–Thirring
effect.
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Shown are the Lense–Thirring drag (red 
arrow) and its uncertainty (blue arrow) 
produced by the uncertainty in the Earth’s 
mass distribution.

There is an ongoing debate about the true 
size of the systematic errors of the LAGEOS 
measurements of the L-T drag.



Gravity Probe B spacecraft was launched in April 2004 in a polar orbit.

Gravity Probe B carried four gyroscopes and one telescope, and was designed to 
measure the relativistic precessions of the four test-gyroscopes with respect to the 
distant star IM Pegasi.

Experimental Tests of Frame-Dragging



The violet arrow displays frame-
dragging of the Gravity Probe B 
gyroscopes by the Earth’s spin, WL–T, 
(~0.039 arcsec per year rotation of 
Gravity Probe B’s spin axis around 
Earth’s angular momentum Ĵ). 

The green arrow represents the geodetic 
precession, Wgeodetic. Its theoretical value 
is ~ 6.6 arcsec per year about an axis 
orthogonal to the Gravity Probe B 
orbital plane.

Unfortunately due to unexpected  large 
drifts of the gyroscopes’ spin axes the 
geodetic precession was only measured 
to a precision of  1.5% (10-5 expected) 
and the error on the measurement of 
frame dragging WL–T was relatively 
large.

Experimental Tests of Frame-Dragging

(Box 1 and Fig. 5). For a polar satellite, geodetic precession and
average Lense–Thirring effect are then orthogonal to each other.
Gravity Probe B was designed to measure the geodetic precession
with an accuracy of about 1025 and frame-dragging by the Earth spin
with an accuracy of about 0.3% (ref. 47). According to the general
theory of relativity, the direction marked by a gyro has a drift with
respect to a direction defined by a ‘fixed star’, and so the drift of each
gyroscope had to be measured with respect to a direction defined by a
telescope pointing towards a distant guide star with known proper
motion. The Gravity Probe B telescope pointed at the guide star

IMPegasi (HR8703), a binary system, at a distance of about 300 light
years from Earth; the proper motion of IMPegasi with respect to
distant quasars was then measured using VLBI with an accuracy of a
fraction of a milliarcsecond per year. The Gravity Probe B telescope
was designed to have a similar accuracy in pointing at the centre of the
guide star (ref. 45 and see http://einstein.stanford.edu/).

If we spin an electrically charged sphere we produce a magnetic
field. Any change of orientation of the sphere rotation axis would
then generate a variation of magnetic field flux through a nearby
circuit that would produce an induced electric current in the circuit.
A simple example of these basic laws of electromagnetism is when we
spin the magnet of the dynamo of our bicycle to power its light. The
Gravity Probe B gyroscopes usemagnetization induced by rotation of
a superconductor48,49. The magnetic moment of a superconductor
rotating with respect to a local inertial frame is known as the London
magnetic moment49. For a spinning sphere the London moment is
directed along the spin axis of the sphere. Each of the four Gravity
Probe B gyroscopes consisted45,46 (see http://einstein.stanford.edu/)
of a quartz sphere (rotor) of radius 1.9 cm, designed to be spherical
and to have relative inhomogeneities of its density to a few parts in a
million. Each rotor was covered with a very thin film of niobium, that
is, a superconductor at the temperature of the experiment (about
2 K), and was spinning at approximately 4,000 r.p.m., so that the
spinning superconductor layer generated a London magnetic
moment aligned along the spin axis of the gyro. The rotors were
encircled by a superconducting loop. The variations of the magnetic
flux through the loop were measured by the changes of current in a
superconducting quantum interference device (SQUID).

On 14 April 2007, after about 18 months of data analysis (see
http://einstein.stanford.edu/), the first Gravity Probe B results were
presented. The Gravity Probe B experiment measured the geodetic
precession with an accuracy of the order of 1.5%. Indeed, the Gravity
Probe B team discovered unexpected large drifts of the gyroscopes’
spin axes and estimated50 the unmodelled systematic errors to be of
the order of 100milliarcseconds per year, corresponding to an uncer-
tainty of the order of two and half times the frame-dragging by the
Earth spin. However, by additional modelling of the systematic
errors, the Gravity Probe B team aims to achieve (ref. 50 and see
http://einstein.stanford.edu/) an uncertainty of about 5milliarcse-
conds per year that would correspond to a measurement of the geo-
detic precession with about 0.1% accuracy and of frame-dragging by
the Earth spin with about 13% accuracy.

The Gravity Probe B team has explained (ref. 51 and see http://
einstein.stanford.edu/) the large drifts of the gyroscopes as being due
to electrostatic patches on the surface of rotors and housings, pro-
ducing unexpected classical torques on the gyroscopes and damping
of their polhode motion, that is, the motion of the spin axis of a
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Figure 4 | The Lense–Thirring effect measured via the LAGEOS
satellites15,16 in 2004 and its theoretical value predicted by the general
theory of relativity. a, The black solid line represents the observed residuals
of the combined nodal longitudes of the LAGEOS satellites. b, The green
solid line is the theoretical, Lense–Thirring, prediction of general relativity.
c, The red solid line is the best-fit line through the observed residuals (in
black) and the blue solid line represents the uncertainty in the combined

nodal longitudes of the LAGEOS satellites from the largest error source due
to the uncertainty in the Earth’s even zonal harmonic of degree four, J4
(corresponding to approximately 3% of the Lense–Thirring effect according
to the 2004 GRACE (GFZ) Earth gravity model34; see Fig. 3). The observed
slope of the red line is 0.996 0.1, where 1 is the prediction of the general
theory of relativity (green line) and the 60.1 uncertainty is the estimated
total systematic error.
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Figure 5 | Frame-dragging on the Gravity Probe B gyroscopes. The violet
arrow displays frame-dragging of the Gravity Probe B gyroscopes (red
arrows) by the Earth’s spin, VL–T, its average theoretical value is, under the
general theory of relativity, about 39milliarcseconds per year about an axis
contained in the Gravity Probe B polar orbital plane. The green arrow
represents the geodetic precession, Vgeodetic; its theoretical value is
approximately 6,600milliarcseconds per year about an axis orthogonal to
the Gravity Probe B orbital plane (Box 1). (Earth’s image by NASA, http://
visibleearth.nasa.gov/.)
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The geodetic precession of the spin 
axis of a binary pulsar, a spin-orbit 
frame-dragging effect, has been 
observed in the binary system 
PSRB1534+112, where its 
measured value has been reported to 
be ~ 0.44° (+0.48,-0.12) per year 
in agreement with the GR 
prediction of 0.52° per year.

Experimental Tests of Frame-Dragging

Since 1974, a number of binary pulsars 
have been discovered and they provide 
extraordinary astrophysical laboratories 
for testing the general theory of relativity 
via the measurement of their orbital 
parameters.



Frame Dragging near a Kerr Black Hole


