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DRAGGING OF INERTIAL FRAMES
(FRAME-DRAGGING as Einstein named it in
1913)

The “local inertial frames” are freely falling frames
were, locally, we do not “feel” the gravitational
field, examples: an elevator in free fall, a freely
orbiting spacecraft.

In General Relativity the axes of the local inertial
frames are determined by gyroscopes and the

gyroscopes are dragged by mass-energy currents,

e.g., by the Earth rotation.

Thirring 1918

Braginsky, Caves and Thorne /1977
Thorne 1986

I.C. 1994-2001



GRAVITOMAGNETISM: frame-dragging is also
called gravitomagnetism for its formal analogy with
electrodynamics

5 In electrodynamics a, In General Relativity a

magnetic needle is
changing its
orientation because
of the magnetic field

1 and the magnetic
field is generated by
electric currents.

gyroscope is changing
its orientation (frame-
dragging) because of
the gravitomagnetic
field and the
gravitomagnetic field is
generated by mass
currents, such as the
Earth rotation (Earth
angular momentum)
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Q2 DeSiner = 6 6 arnsec/yr

Telescope Gyrascope

€2 T, = 0.042 arcsec/yr

GRAVITY PROBE B



Q2 DeSiner = 6 6 aresec/yr

Telescope Gyroscope

€2 T, = 0.042 arcsec/yr

I.C.-Phys.Rev.Lett., 1986
Use the NODES of two
LAGEOS satellites; the orbital plane of these
satellites is a huge gyroscope affected by

\frame-dragging. This is called the Lense-Thirring

effect
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Measurement of the Lense-Thirring Drag on High-Altitude,
Laser-Ranged Artificial Satellites

Ignazio Ciufolini

Center for Theoretical Physics, Center for Relativity, and Physics Department, University of Texas, Austin, Texas 78712
(Received 16 October 1984; revised manuscript received 19 April 1985)

We describe a new method of measuring the Lense-Thirring relativistic nodal drag using
LAGEOS together with another similar high-altitude, laser-ranged satellite with appropriately
chosen orbital parameters. We propose, for this purpose, that a future satellite such as LAGEOS 1
have an inclination supplementary to that of LAGEOS. The experiment proposed here would pro-
vide a method for experimental verification of the general relativistic formulation of Mach's princi-
ple and measurement of the gravitomagnetic field.

PACS numbers: 04.80.+2

In special and general relativity there are several
precession phenomena associated with the angular
momentum vector of a body. If a test particle is orbit-
ing a rotating central body, the plane of the orbit of
the particle is dragged by the intrinsic angular momen-
tum J of the central body, in agreement with the gen-
eral relativistic formulation of Mach’s principle.!

In the weak-field and slow-motion limit the nodal
lines are dragged in the sense of rotation, at a rate
given by?

O =[2a(1-e?)¥2)y, )

where a is the semimajor axis of the orbit, e is the ec-
centricity of the orbit, and geometrized units are used,
ie, G=c=1. This phenomenon is the Lense-
Thirring effect, from the names of its discoverers in
19182

In addition to this there are other precession
phenomena associated with the intrinsic angular
momentum or spin S of an orbiting particle. In the
weak-field and slow-motion limit the vector §
precesses at a rate given by' dS/d7 = xS where
1 _J+ J(J-r)rJ'

Q=—Ltvxa+ TVXVU+ =
3

2
(2)

where v is the particle velocity, a=dv/dr—V Uis its
nongravitational acceleration, r is its position vector, 7
is its proper time, and U is the Newtonian potential.
The first term of this equation is the Thomas preces-
sion.” It is a special relativistic effect due to the non-
commutativity of nonaligned Lorentz transformations
It may also be viewed as a coupling between the parti-
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cle velocity v and the nongravitational forces acting on
it

The second (de Sitter*~Fokker®) term is general re-
lativistic, arising even for a nonrotating source, from
the parallel transport of a direction defined by S: it
may be viewed as spin precession due to the coupling
between the particle velocity v and the static
—gap,0=0 and go=0—part of the space-time
geometry.

The third (Schiff®) term gives the general relativistic
precession of the particle spin S caused by the intrinsic
angular momentum J of the central body—g;;=0.

We also mention the precession of the periapsis of
an orbiting test particle due to the angular momentum
of the central body. This tiny shift of the perihelion of
Mercury due to the rotation of the Sun was calculated
by de Sitter in 1916.7

All these effects are quite small for an artificial sa-
tellite orbiting the Earth.

We propose here to measure the Lense-Thirring
dragging by measuring the nodal precession of laser-
ranged Earth satellites. We shall show that two satel-
lites would be required; we propose that LAGEQS3-10
together with a second satellite LAGEOS X with oppo-
site inclination (i.e., with /*=180°—/ where [
=109.94° is the orbital inclination of LAGEOS)
would provide the needed accuracy.

The major part of the nodal precession of an Earth
satellite is a classical effect due to deviations from
spherical symmetry of the Earth’s gravity field
—aquadrupole and higher mass moments.!" These de-
viations from sphericity are measured by the expan-
sion of the potential U(r) in spherical harmonics.
From this expansion of U(r) follows'' the formula for
the classical precession of the nodal lines of an Earth
satellite:

s[Re | ey !
J2+J4§T (Tsin'/ —4) ————+. . |, (3)

IC, PRL 1986:
Use of the

nodes of two
laser-ranged
Satellites to
measure the
Lense-Thirring
effect in order to
eliminate the error
due to the even
zonal harmonics
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A COMPREHENSIVE INTRODUCTION TO THE LAGEOS
GRAVITOMAGNETIC EXPERIMENT: FROM THE IMPORTANCE OF
THE GRAVITOMAGNETIC FIELD IN PHYSICS TO PRELIMINARY
ERROR ANALYSIS AND ERROR BUDGET
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The existence of the gravitomagnetic field, generated by mass currents according to Einstein
geometrodynamics, has never been proved. The author of this paper, after a discussion of the
importance of the gravitomagnetic field in physics, describes the experiment that he proposed in
1984 to measure this field using LAGEOS (Laser geodynamics satellite) together with another
non-polar, laser-ranged satellite with the same orbital parameters as LAGEOS but a supple-
mentary inclination.

The author then studies the main perturbations and measurement uncertainties that may affect
the measurement of the Lense-Thirring drag. He concludes that, over the period of the node of
~ 3 years, the maximum error, using two nonpolar laser ranged satellites with supplementary
inclinations, should not be larger than ~ 10% of the gravitomagnetic effect to be measured.

Table of Contents

L InteOduetion. oo soammmsrs o Lomie o5iiss s s ou@sine o s lee g iw iy 3084
2. The Importance of the Gravitomagnetic Field in Physics .............. TR 3086
21, The gravitomagnetic el s <iczeiais vs drcrvsnns o sl n s enls v 3086

2.2. Inertia and the dragging of inertial frames by the gravitomagnetic
field in Einstein geometrodynamICs .. .. oo cnmisasimn sie Soimvs s sipmss osioso i 3089
2.3. Inertia and the initial value problem in Einstein geometrodynamics ....... 3094
24. Importance of the gravitomagnetic field in astrophysics.................. 3098
28 SUMMBLIY. covinnvnass i dhamsie e Lot ssaR o B i T se 3099
3. Measurement of the GravitomagneticField ...................cviiiiint. 3099

3.1. The LAGEOS gravitomagnetic experiment and other proposed experiments 3099
3.2. Indirect experimental support for the existence of the gravitomagnetic field . 3104

4. Preliminary Error Analysis and Error Budget for the LAGEOS Gravitomagnetic

EXPeriment . . - ciisnsnsese il a5 Sanelima wie i £ ales Ve i Saa ol e 3104
&L ErTOrSONREEE ... i v o st siosiiiisa s bes aielas s s sake s sisen eew 3104
4.2. Gravitational perturbations . . . ..ccvvvae ersonnssmss snsoabsssss aeseie 3105

a o~ o U L DU e ] at - A1AL

IC IJMPA 1989:
Analysis of the orbital
perturbations affecting
the nodes of
LAGEOS-type
satellites

(1) Use two LAGEOS
satellites with
supplementary
inclinations

OR:
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Use n satellites of |
LAGEOS-type (
to measure the first

n-1 even zonal
harmonics: J,, J,, ...
and the Lense-Thirring
effect

Fig. 5. The LAGEOS and LAGEOS X orbits and their classical and gravitomagnetic nodal precessions. A
new'” configuration to measure the Lense-Thirring effect.

For J,, this corresponds, from formula (3.2), to an uncertainty in the nodal precession

of 450 milliarcsec/year, and similarly for higher J,, coefficients. Therefore, the uncer-

tainty in Q12 is more than ten times larger than the Lense-Thirring precession.

> A solution would be to orbit several high-altitude, laser-ranged satellites, similar to
LAGEOS, to measure J,, Jy, Jg, ¢tc., and one satellite to measure QLense-Thirring

Another solution would be to orbit polar satellites; in fact, from formula (3.2), for
polar satellites, since / = 90°, Q" is equal to zero. As mentioned before, Yilmaz
proposed the use of polar satellites in 1959.4%4! In 1976, Van Patten and Everitt*5*’
proposed an experiment with two drag-free, guided, counter-rotating, polar satellites
to avoid inclination measurement errors.

A new solution?3-16-17:21.22.23 wa]d be to orbit a second satellite, of LAGEOS
type, with the same semimajor axis, the same eccentricity, but the inclination supple-
mentary to that of LAGEOS (see Fig. 5). Therefore, “LAGEOS X” should have the
following orbital parameters:

Fem— o970, a¥=al, et=el, (3.3)

With this choice, since the classical precession €€*** is linearly proportional to cos ,
Q" would be equal and opposite for the two satellites:

Qf‘:’lnss . _ﬂ.lc‘“! ¢ (34)

\ \ \ \ \ \
By contrast, since the Lense-Thirring precession Qvnse-Thirring jg independent of the
\ inclination (Eg. (3.1)), QLense-Thirring wil] be the same in magnitude and sign for both
\ satellites:
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On a new method to measure the gravitomagnetic field
using two orbiting satellites

. CruroLINi
IFSI-CNR - Frascoti, Ttoly
Dipartimento Aerospaziale, Universita di Romo «Lo Sapienzas - Rowma, Ttoly

(ricevuto il 20 Settembre 1996; approvato il 15 Novembre 1996}

Summary, — We deseribe a new method to obtain the first direct measurement of
the Lense-Thirring effect, or dragging of inertial frames, and the first direct
detection of the gravitomagnetie field. This method is based on the observations of
the orbits of the lager-ranged satellites LAGEOS and LAGEOS II. By this new
approach one achieves a measurement of the gravitomagnetic field with aceuracy of
ahout 25%, or less, of the Lense-Thirring effect in general relativity.

PACS 11.90 — Other topics in general field and particle theory,
PACS 04.80.Cc — Experimental test of gravitational theories.

1. = The gravitomagnetic field, its invariant characterization and past altempts
to measure it

Einstein's theory of general relativity [1, 2] predicts the oceurrence of a «new» field
generated by mass-energy currents, not present in classical Galilei-Newton mechanics.
This field is called the gravitomagnetie field for its analogies with the magnetic field in
electrodynamies.

In general relativity, for a stationary mass-energy current distribution o, v, in the
weak-field and slow-motion limit, one can write [2] the Einstein equation in the
Lorentz gauge: Ah = 1670 v, where i = (hy;, by, hy) are the (04)-components of the
metric tensor; k is called the gravitomagnetic potential. For a localized, stationary
mass-energy distribution, in the weak-field and slow-motion limit, we can then write:
h = —2((J xx)/r"), where J is the angular momentum of the central body. In general
relativity, one can also define [2] a gravitomagnetic field H given by H=V x h.

The Lense-Thirring effect is a consequence of the gravitomagnetic field and
congists of a tiny perturbation of the orbital elements of a test particle due to the
angular momentum of the central hody. To characterize the gravitomagnetic field
generated by the angular momentum of a body, and the Lense-Thirring effect, and
distinguish it from other relativistic phenomena, such as the de Sitter effect, due to the
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IC NCA 1996:
use the node of
LAGEOS and the

node of LAGEOS 11

to measure the
Lense-Thirring
effect

However, in 1996

the two nodes were

not enough to
measure the
Lense-Thirring

effect because of the

uncertainties in th
Earth’ gravity field
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Use'of GRACE to test'Lense-Thirring at a few percent level:
J. Ries et'al. 2003 (1999),E. Pavlis 2002 (2000)



EIGEN-GRACE02S Model and

Uncertainties
Even Value Uncertainty | Uncertainty | Uncertainty | Uncertainty
zonals on node I, on on perigee
Im - 106 relative to the | Node II, I1, relative to
frame- relative to the frame-
dragging the frame- dragging
effect dragging effect
effect
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\ /
\_10,0\ 0.05332122 0.21 e 1011 0:00042/2, ¢10.00074'Q | + 0.0}/Z3 Of T




The result was
published in
Nature Letters In
2004.

We measured
frame-dragging
to be 99 % of its
General Relativity
prediction with
an error of about
10 9%.

A confirmation of the general relativistic
prediction of the Lense-=Thirring effect

. Ciufolini & E. C. Pavlis
Reprinted from Nature 431, 958-960, doi:10.1038/nature03007 (21 October 2004)
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NEW 2006-2007 ANALYSIS OF THE
LAGEOS ORBITS USING THE
GFZ ORBITAL ESTIMATOR EPOS
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Comparison of
Lense-Thirring
effect measured
using different
Earth gravity
field models
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Each point corresponds to a different GRACE Earth gravity model

- = 1.4 iR D e C e e e L e e LR E LT L EEEEL PR ERE . E
- : ==
- = : <
=R e L S e e ARCEEEE! EEPEEFS EEREE = =
& = ! =
! . 1 1 1 1 1 1 1 1 1 1 i" el
b.'_l [- ] 1 1 1 1 1 1 1 1 1 1 1 py
5 = L2t R ERt e EE SR SRR ~
s o] 1 1 1 1 1 1 1 1 1 1 1
E E 1 1 1 1 1 : 1 : 1 1 1
— 'F ———————+———————|———————|———————|———————+——————-i —————————————— E ——————————————————————
= 1 1 1
T, = : : [ : | : . : : v :
oA - 1 =--a--F--—---.I.'-=--—-r-a---_'Ii-_---a-1|'=--—--':a--=--1a--a--;:;--—---ar-=--—-1l'-a---_-1I_ TE Al \-'ﬂlllf
= h 1 1 1 1 1 1 1 : 1 1 :
“ - Ll :
| 1552 T e e e ===
' [ |
= = : : : ! : : : : . ! :
;“ - *] 1 1 1 1 1 1 1 1 1 1 1
=4 =2 0.8 e b
A : : : | | : : : : | :
= U
L i el L el e e e L e ek b Lk
-l
- : : : ! ! : : : : ! :
] e T S SR AU S

GRACE Earth gravity model

In 2008 Ries et al. presented independent results for the
measurement of frame.draggging by spin using LAGEOS,
LAGEOS 2 and the GRACE Earth’s gravity models /
JpI?A\Ries (UT Austin) error budget is of about 12 %, /
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LARES
(LAser RElativity Satellite)
ltalian Space Agency

Weignt about 400 kg
Fadius about 18 cm
Material Solid spnere of Tungsten alloy

Semirmajor axis apout 7900 k)
Eccentricity nearly /ero

Inclination about 71.5 degrees
Compined witn LAGEOS and LAGEOS 2
data it would ¢ r)roerL 2 confirmation) of
Einstein General Relativity, the
rmeasurernent of frame- drrJJJJJ’JJ With
accuracy of a few percent.
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LARES
design

by: Sapienza
University of
Rome
(Antonio
Paolozzi and
his team)
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Conclusions

* Frame-dragging (Lense-Thirring effect) has been
measured with accuracy of approximately 10 % using
LAGEOS, LAGEOS II and the GRACE Earth’s gravity
models.

* After a few years of the LARES satellite (to be
launched at the end of 2011) laser-ranging data will
be available, together with future improved Earth’s
gravity models, the accuracy of the frame-dragging
measurement should approach 1 %.



THE END




