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Dragging of inertial frames:
Mach principle in general relativity

GRAVITATION AND INERTIA
I.C. and J.A. Wheleer -1995



INVARIANT CHARACTERIZATION of
GRAVITOMAGNETISM

By explicit spacetime invariants built with the Riemann
tensor:

I.C. 1994
I.C. and Wheeler 1995:

for the Kerr metric:

2 €5, R‘fpﬂ_v R =1536 J M cosf (_10510‘6 —p3p=> + 316 pp~?)
In weak-field and slow-motion:
*R-R=288(JM)/r”cosd + - - -

J = aM = angular momentum

This gravitomagnetic invariant is null on the ecliptic plane and
substantially null on the Moon orbit: I.C. arXiv:0809.3219v1 [gr-qc]
18 Sep 2008



SOME EXPERIMENTAL ATTEMPTS TO
MEASURE FRAME-DRAGGING AND
GRAVITOMAGNETISM

1896: Benedict and Immanuel FRIEDLANDER
(torsion balance near a heavy flying-wheel)
1904: August FOPPL (Earth-rotation effect on a gyroscope)
1916: DE SITTER (shift of perihelion of Mercury due to Sun rotation)

1918: LENSE AND THIRRING (perturbations of the Moons of solar system
planets by the planet angular momentum)

1959: Yilmaz (satellites in polar orbit)
1976: Van Patten-Everitt

(two non-passive counter-rotating satellites in polar orbit: a very expensive
experiment)

1960: Schiff-Fairbank-Everitt (Earth orbiting gyroscopes)

1977-78: Cugusi and Proverbio, on LAGEOS only (however, wrong rate for
frame-dragging)

1986: 1.C.:
(two supplementary inclination, passive, laser ranged satellites)
1988 : Nordtvedt (Astrophysical evidence from periastron

rate of binary pulsar)

1998: Some astrophysical evidence from accretion disks of black holes and
neutron stars, LLR observations

2004 launch of Gravity Probe B
2009 LARES



Some serious problems with the GP-B data analysis have been recently
outlined, see, for example Prof. O’'Connel :
http://www.phys.Isu.edu/faculty/oconnell/oconnell pubs.html

(pub. number 307)

R. F. O'Connell, "Gravito-Magnetism in one-body and two-body systems:
Theory and Experiment"”, in, "Atom Optics and Space Physics", Proc. of Course
CLXVIII of the International School of Physics "Enrico Fermi", Varenna, Italy,
2007, ed. E. Arimondo, W. Ertmer and W. Schleich, to be published; and

G. Forst 2008: http://arxiv.org/PS cache/arxiv/pdf/0712/0712.3934v1.pdf



http://www.phys.lsu.edu/faculty/oconnell/oconnell_pubs.html
http://www.phys.lsu.edu/faculty/oconnell/oconnell_pubs.html
http://arxiv.org/PS_cache/arxiv/pdf/0712/0712.3934v1.pdf
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Measurement of the Lense-Thirring Drag on High-Altitude,
Laser-Ranged Artificial Satellites
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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 II
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.+2z

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 =[2/a*(1-e))¥2]y, (1)

where a is the semimajor axis of the orbit, e is the ec-
centricity of the orbit, and geometrized units are used,
iie., G=c=1. This phenomenon is the Lense-
Thirring effect, from the names of its discoverers in
1918.2

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 S
precesses at a rate given by! dS/dr= Q xS where

N . 3(J-r)r]'

O=-tvxa+tIvxVy+—
. ’ r r

(2)

where v is the particle velocity, a= dv/dr—V U is its
nongravilational 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-

cos/
(1—e?)?

= R 1
Jadid %l—ai’ (7sin?f —4)

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 §: it
may be viewed as spin precession due to the coupling
between the particle velocity v and the static
—&p,0=0 and gg=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;o=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 LAGEOS#-10
together with a second satellite LAGEOS X with oppo-
site inclination (i.e., with /*=180°—7 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
—quadrupole 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:

) Jyej

—|+
(1—¢?)?

IC, PRL 1986:
Use of the
nodes of two
laser-ranged
satellites to
NEEIGROE
Lense-Thirring
effect

LAGEQOS III:

in 1989 proposed by
CSR-UT, CfR-UT and
CNR-Rome to NASA
and ASI and

LARES:

proposed to ASI in
1998 by Univ.

of Rome and CNR
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I.C.-Phys.Rev.Lett., 1986:
Use the NODES of two
LAGEOQOS satellites.




EVEN ZONAL HARMONICS
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However, NO LAGEOs ~ Lageos |l: 1992

satellite with supplementary

inclination to LAGEOS
has ever been launched.
Nevertheless, LAGEOS II
was launched 1n 1992.
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THE GRAVITOMAGNETIC FIELD IN PHYSICS TO PRELIMINARY perturbations affeCting
ERROR ANALYSIS AND ERROR BUDGET
IGNAZIO CIUFOLINI the nOdeS Of

CNR-Istituto di Fisica dello Spazio Interplanetario, Via G. Galilei-CP 27-00044 Frascati, Italy

LAGEOS-type

Center for Space Research, The University of Texas at Austin, Austin, Texas 78712, USA

Received 3 May 1988 S atellite S

Revised 7 October 1988

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 1 l I S e tWO I AGE O S
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.

L] L]
The author then studies the main perturbations and measurement uncertainties that may affect S atelllte S V‘/ lth
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 1 t
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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

3102 Ignazio Ciufolini

LAGEOS X

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 Qﬂ‘;’m 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,, J,, Ji, etc., 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 I = 90°, Q€' is equal to zero. As mentioned before, Yilmaz
proposed the use of polar satellites in 1959.4%#! In 1976, Van Patten and Everitt*®-4’
proposed an experiment with two drag-free, guided, counter-rotating, polar satellites
to avoid inclination measurement errors.

A new solution?*1¢:17:21.22.23 ywould 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:
st P gi. atgat, o gt e, (3.3)

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

Qg!ass s _Q(r:lass : (34)

By contrast, since the Lense-Thirring precession Q¢ns¢-Thiring j5 independent of the
inclination (Eq. (3.1)), QLense-Thirring wil] be the same in magnitude and sign for both
satellites:



IC
Nuovo Cimento A
1996

1716 I. CIUFOLINI

for LAGEOS 1I: @ scposn = 160°/year, and the classical perigee precession is:
LAGEOSTI . g

I

Jp—

LG 3 21 —hHcostl
(11) W= — —n ) _

(1

(4

—[[150R4 (108 + 135¢2 + 208 cos (21) + 252¢e cos (21) + 196 cos (41) +

+189¢”cos (41)] /(1024 (1 — ¢*) | Jy + ZPy, X Jsy

where the P,, are the coefficients (in the equation for the perigee rate) of the

nonnormalized even zonal harmonies J,, = —Vdn +1€,,,. Thus, for the perigee of
LAGEOS 11, one has (in units of @hemse-Thimine).

by [ g dan farli"
due to JGM3 due to difference
estimated errors (JGM3 — GEMT3)
0y ~ 1.1
5Cys 8] = Bif
N'..,:. ~ 0.41 ~ (.32
8C% ~ 0.68 ~ 08
01,0 ~0.22 ~ 0.07

From these uncertainties in the perigee rate of LAGEOS II, similarly to what
inferred for the nodal rates, it is manifest that the dominating error sources are due to
the uncertainties in Cyy and Cy,.

Thus, summarizing, we have now the three unknowns 8Cy, 0Cy and Lense-
Thirring effect, and the three observable quantities Dracros, Wrigeodit. 00
';’i.\t.l-‘UHH .

The main unmodeled part of the LAGEOS I nodal rate, due to the uncertainties in
the even zonal harmonics, to the errors in the value of the orbital parameters (mainly
the inclination), and including the Lense-Thirring effect (to be determined), is:

(12) 82;=(—9.3-10") X 8Coy — (4.62-101) % 8Cyy + ZN

. X0Coup + 6 % &I+ 31u,

where 68 is in units of milliaresec/year, and &/ in milliaresee. This formula shows the
main error sources in the caleulated nodal rate (apart from the errors due to tides and
to nongravitational perturbations; see below). In this formula the first two
contributions are due to the uncertainties 6C,, and dC,,, we then have the error due to
the uncertainties in the higher even zonal harmonics 05, (with 2% = 6), and the error
due to the uncertainties in the determination of the inclination ;. In this formula we
have also included the Lense-Thirring [2] parameter p, by definition 1 in general
relativity: %% =1, that, if not incorporated in the modeling of the orbital
perturbations, will affect the orbital residuals. One ean write a similar expression for
the node of LAGEOS 1I:

(13)  8Qy=(17.17-10") x 8Cy +

+(1.68-10") % 8Cy5 + ZNg, X 8Cs0 + 5.3 x 81 + 31 .5
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GRACE

Gravity Recovery and Climafe Experiment

gaeib/ap wepsioad-Zi0 Maa L diy

Use of GRACE to test Lense-Thirring at a few percent level:
J. Ries et al. 2003 (1999).E. Pavlis 2002 (2000)






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

I. Ciufolini & E. C. Pavlis .
Reprinted from Nature 431, 958-960, doi:10.1038/nature03007 (21 October 2004)




6 September 2007 | www.nature.com/nature | £10 THE INTERNATIONAL WEEKLY JOURNAL OF SCIENCE
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[ et us use the GFZ German orbital estimator EPOS
(independent of GEODYN)

IC (Univ. Lecce), E. Pavlis (Univ Maryland Baltimore County)
R. Koenig and Neumayer (GFZ Munich/Potsdam),

G. Sindoni and A. Paolozzi (Univ. Roma I),

R. Matzner (Univ. Texas, Austin)

Using GEODYN (NASA) and EPOS (GFZ)



NEW 2006-2007 ANALYSIS OF THE
LAGEOS ORBITS USING THE
GFZ ORBITAL ESTIMATOR EPOS







Earth spherical harmonic Jg
(degree 4 and order 0)

LAGEQOS orbital plane

.. error source due to dJy

LAGEQOS

Size of largest

T

Lense-Thirring drag




Weight about 400 kg

Radius about 18 cm

Material Solid sphere of Tungsten alloy
Semimajor Axis about 7900 km
Eccentricity nearly zero

Inclination about /1.5 degrees
Combined with LAGEOS and LAGEOS 2
data it would provide a measurement of

frame-dragging with accuracy of the order
of 1 %
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GRAVITATIONAL ERRORS

Using the Earth gravitational model EIGEN-GRACEOQO2S (February 2004),
based on 111 days of GRACE observations, i.e., propagating the
uncertainties of EIGEN-GRACEO2S published by GFZ Potsdam on the
nodes of LAGEOS, LAGEOS 2 and LARES and their combination, we find

a total error of 1.4 %.

In particular we have calculated the error induced by the uncertainty
of each even zonal harmonic up to degree 70: after degree 26 the
error is negligible.

FIGEN-GRACE02S By the_tlme of the LARES data
TOTAL FRROR 1.4 % analysis (2Q12—2015) we can

assume an improvement in the
GRACE Earth gravity field models
of about one order of magnitude,
thanks to much longer GRACE
observations with respect to 111
days of EIGEN-GRACEO2S and also
to GOCE (2008).
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GRAVITATIONAL ERRORS
Standard technique in space geodesy to estimate the reliability of the published

uncertainties of an Earth gravity model:

Let us take difference
between each harmonic of the EIGEN-GRACEO02S (GFZ Potsdam) model minus the
same harmonic in the GGMO02S (CSR Austin) model.
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GRAVITATIONAL ERRORS

In Green: percent errors
in the measurement of
the Lense-Thirring effect
for GGMO02S for each even
Zonal harmonic
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By the time of the LARES data analysis (2012-2015) we can assume an
improvement in the GRACE Earth gravity field models of about one order
of magnitude, thanks to much longer GRACE observations with respect
to 111 days of EIGEN-GRACEO2S and also to GOCE (2008).
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