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Main experimental efforts to measure frame-dragging
The 1995-2003 observations using the LAGEOS satellites

The 2004-2007 accurate measurements using the GRACE
Earth’s gravity models and the LAGEOS satellites

o LARES: 2010




= The local inertial frames
are dragged by mass-
energy currents:

GIB = y T9P =

=X [( +p) + p g°]
= It plays a key role Iin high
energy astrophysics

" Braginsky, Caves and Thorne 1977
(Kerr metrlc) Thogrne 1y986

Jantsen et al. 1992-97, 2001
1.C. 1994-2001

Thirring 1918




THE WEAK-FIELD AND SLOW MOTION
ANALOGY WITH ELECTRODYNAMICS

Gravitomagnetic Field in General Relativity

h H

Fromn weak field and slow motion limit of G= ¢ T: FElectromagnetisi
Ahy 2 167pvt Lorentz gauge AA = _47'” ]

where h = (hgi, hoz , fos) is the gravitomagnetic potential

hoi (x) = — 4 [ 2x0) oy
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The gravitomagnetic field is:

H=V><h*=-le%&] B=VxAz=
~ 3%k (m) —m
From wealk field and slow motion limit of D u=0: - |x|®
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Dragging of inertial frames:
Mach principle in general relativity

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



SOME EXPERIMENTAL ATTEMPTS TO

NEACIIDECDANME NDNDACCINICC AND
IVIEAOUNL MFMN\AINILL"UN\NAAUUIINDUO AIND

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: Graziani-Breakwell-Van Patten-Everitt

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

1960: Schiff-Fairbank-Everitt (Earth orbiting gyroscopes)
1077-78:" Cuaucl and Proverbio, on LAGEOS only (however, wrong rate for
frame- dragglng)
1986: I.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

2004 launch of Gravity Probe B
2010 LARES
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Telescope  Gyroscope
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GRAVITY PROBE B




Problems with the GP-B data analysis have been outlined, see, for example: 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. (2009 o

RROR: A WORK IN PROGRESS
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Telescope  Gyrascope
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|.C.-Phys.Rev.Lett., 1986:
Use the NODES of two
LAGEQOS satellites.




The proposal to use of the nodes of two laser-ranged satellites of LAGEOS type to measure the
Lense-Thirring effect by eliminating in this way the Earth spherical harmonics uncertainties:

Calculation of the standard relativistic perigee precession of LAGEOS:
Proposal to use laser ranging to artificial satellites to observe relativistic effects,

among which the Lense-Thirring effect: (the LAGEOS Lense-Thirring
precession was calculated to be 4 arcsec/century, i.e. 40 milliarcsec/yr, instead of the
correct 31 milliarcsec/yr figure calculated in I.C. and the problem of the Earth's even zonal
harmonics errors was not treated)

Proposal to use polar satellites to solve the problem of the Earth's spherical harmonics:

Proposal to use of the nodes of a number of laser ranged satellites "... A solution would be to orbit
several high-altitude, laser-ranged satellites, similar to LAGEOS, to measure J2, J4, J6, etc, and
one satellite to measure the Lense-Thirring effect:

Proposal to use of the nodes of LAGEOS and LAGEOS 2, together with the explicit expression of
the LAGEOS satellites nodal equations:

Detailed study of the various possibilities to measure the Lense-Thirring effect using LAGEOS and
other laser-ranged satellites:

Proposal to use of GRACE-derived gravitational models, when available, to measure 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 Theorencal Physics, Center for Relativity, and Physics Departmen, § miversity af Texas, Ausiia, Texas 78712
(Received 16 October 1984, reviced manuscripl received 19 April 1985)

We deseribe 3 new method of measuring the Lense-Thirring relativistic nodal drag using
LAGEOS together with another similar high-altitude, laser-ranged salellite with appropriately
chosen orbital parameters. We propose, for this purpose, that a future satellite such as LAGEOS 11
have an inclination supplementary (o that of LAGEOS, The experiment proposed here would pro-
vide a method fer experimental venification of the gencral relativistic formulation of Mach's princi.

ple and measurement of the gravitomagnetic feld

PACS numbers: (4 80+

In special and general relativity there are several
precession phenomena  associated with the angular
momentum vector of a body. 17 a 1es1 particle is orbit-
ing a rotating central body, the plane of the orbit of
the particle is dragged by the intrinsic angular moemen-
tum J of the central body, in agreement with the gen-
cral 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’

(= 12/a%i1 = o)1) (i

where a is the semimajor axis of the orbit, ¢ is the ec-
centricity of the orbit, and geometnzed units are used,
e, G=c=1 This phenomenon i the Lense-
Thirring effect, from the names of its discoverers in
1918.%

In addition 1o this there are other precession
phenomena  associaled with the intrinsic angular
momenium of spin § of an orbiting particle. In the
weak-field and slow-motion  limit the veclor §
precesses al 4 rale given by' g8/ dr = 1 © S where

0 Lvxa+ dvx DU+ —'1 jy 3ok
: r r

(2}

where v is the particle velocity, a= dv/dr — VU is ils
nongravitational acceleration, r is its position vector, r
is it5 proper time, and L7 is the Newtonian potential
The first term of this equation 15 the Thomas preces-
sion.” Itis a special relativistic effect due to the non-
commutativity of nonaligned Lorentz transformations
It may also be viewed as a coupling between the parti-

cle velocity v and the nongravitational forces acling on
Il

The second (de Siter*-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 1o the coupling
between the particle wvelocity v and the static
—gap0=0 and gy=0—part of the space-time
geometry,

The third (Schilf®) term gives the general relativistic
precession of the particle spin 8 caused by the intrinsic
angular momentum 1 of the central body —gg=0

We also mention the precession of the periapsis of
an orbiting test particle due to the angular momentuem
of the central body. This tiny shift of the perihelion of
Mercury due 1o the rotation of the Sun was calculated
by de Sitter in 19167

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

We propose here 1o 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 LAGEQSH-10
together with a second satellite LAGEQS X with oppo-
site inclination fie., with M= 180°—f where /[

= 109.94" is the orbital inclination of LAGEODS)
would provide the needed accuracy

The major part of the nodal precession of on Earth
satellite is a classical effect due 1o deviations rom
spherical symmetry of the Eanth's gravity field
—quadrupole and higher mass moments.!! These de-
viations from sphericity are measured by the expan.
sion of the potential L'(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

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

effect
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A NEW SATELLITE FOR THE LARES
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satellite with supplementary
Inclination to LAGEOS

has ever been launched.
Nevertheless, LAGEOQOS I
was launched in 1992.
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IC 1IJMPA 1989:
Analysis of the orbital

A COMPREHENSIVE INTRODUCTION TO THE LAGEOS

GRAVITOMAGNETIC EXPERIMENT: FROM THE IMPORTANCE OF 1 1
THE GRAVITOMAGNETIC FIELD IN PHYSICS TO PRELIMINARY pe rtu rbatl O ns aﬁeCtl n g
ERROR ANALYSIS AND ERROR BUDGET
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LAGEOS-type
satellites
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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 1 l ' S e tWO LAG E 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 LAGEQOS but a supple-
mentary inclination.

The author then studies the main perturbations and measurement uncertainties that may affect S ate I I I te S W I t h
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 I t
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Use n satellites of

| ACCECNC_Hv/nn
L\VUL UV Ly IJC

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 QEL‘:‘:‘,, 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,, Jg, 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°, QC" s equal to zero. As mentioned before, Yilmaz
proposed the use of polar satellites in 1959.#%#! 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?316-17:21.22.23 way]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 LAGEQS (see Fig. 5). Therefore, “LAGEQOS X” should have the
following orbital parameters:

¥ o — I 902, atzial, eXind ol (3.3)

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

lenss i _Q?ass : (34)

By contrast, since the Lense-Thirring precession (L¢"s-Thiring jg independent of the
inclination (Eq. (3.1)), QLerse-Thiming will 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 orhiting satellites

. CrrroLixa
FESI-ONR - Froscati, Haly
Dipartimento Avrospaziole, Duiversibd oi femia «La Soplenza Rroeress, fonly

deevuto 120 Bettembee 1906; apgoeovito 1 15 Novembre 1506)

|
; thaer first ibireet mensurement of
, dmdl the (st dlirect
sl on tha of nticons of
| LAGEGS [] hilz new
et aof
w8, of thie Lense-Thirring offect i
PACE 10590 - (ther topics in genersd Geld and particle theory
PACS DS Experimental test of gravitational theories
1. = The gravitlomagnetic feld, its invariant characterization and past allempls

Lo measure il

Einsteins theory of general relutivity [1, 2] prediets the occurrence of @ -new- field
. : I

generated by mass-energy currents, not present in classical Galilei-Newton mechanies,
This fekd is called the pravitomagmetic Geld for its analogies with' the magnetie Geld in
electrodynamics.

In general relativity, for o stationary mass-energy current distribution g e, in the

wienk-Meld amdd slow-motion limit, one ecan write [2] the Einstein equation in the
Larentz gauge: Ak & 1670 0, where B = (g, ge, figg ) are the (07 -components of the
metre b wy b ois ealled the pravitomagnetie potential. For a localised, stationary
mass-cnerey distribution, in the weak-field and slow-motion limit, we can then write:
] 2oL = xh St ), where J i the angular momentum of the eentral body. In general
an also define [2] o grovitomagnetie Teld B given by W=V < &,

tie field and

due to the

rebativity, one
The Lense-Thirving effect = a consequence of the gravitomag

comsists of @ tiny perturbation of the orbital elements of o test partic
meterize the pravilomagnetic Gebd

angular momentum of the eentral body, To el
rated by the angular momentum of o body, sl the Lense-Thirring effect, aml

el |

distinguizh it from other relativistic phenomena, such a2 the de Sitter effect, doe to the

170K

IC NCA 1996:

use the node of
LAGEQOS and the
node of LAGEOS Il
to measure the
Lense-Thirring
effect

However, in 1996
the two nodes were
not enough to
measure the
Lense-Thirring
effect
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LAGEOS

e Perigee of
LAGEOS I
Equatorial — = % .,
plane
l:"u]]
Fixed -4
direction g}
I
V L Node of
LAGEOS II

|.C., NC A, 1996

LAGFEOS T
%
e, =0.04

Mode of

LAGEQS

S
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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)
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EIGEN-GRACEOQO2S Model and

l ln~rartaintince

UVIILTI LAIlILITOS

Even Uncertainty | Uncertainty | Uncertainty | Uncertainty
zonals on node | on on perigee 11
Im - 10 node 11

-484.16519788

0.53999294 3910 0 , 0082 w |

-.14993038 20 - 10° 0.0076 2, | O. 0.0041 w | -

0.04948789 15 . 0.00045Q, + | 000210, | 0.005lw ¢

0.05332122 21 0.00042 Q1 | 0.00074 Q@ | ; [0.0023 w | -




Using EIGEN-GRACEO02S:
2 main unknowns: and
Needed 2 observables:

(orbital angular momentum vector)

K, X + K, X 6C;, 0+ ' (31 mas/yr)

K’', X + K',, X 0C,, 0+ (31.5 mas/yr)

not dependent on 6C,,
free from non-gravitational errors on the perigee

|.C. PRL 1986: I.C. IJIMP A 1989:
|.C. NC A, 1996; I.C. Proc. | SIGRAYV School, Frascati 2002, I10OP.




Orbit of
LAGEQOS
f

r
Polar orbit 7 Orbit of

of GRACE / LAGEOS 2
satellites

Equatorial ™ e
plane of Earth -

Nodal line
of LAGEQS

Combination of the nodal
lines of LAGEOS and LAGEQS 2

Figure 1




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

. Ciufolini & E. C. Pavlis
Reprinted jrom Nature 431, 958-960, doi:10.1038/nature03007 (21 October 2004)
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|.C. & E.Pavlis,
Letters to NATURE,

431,958, 2004.



Static gravitational field (using the EIGEN-GRACEO02S
uncertainties):

(the EIGEN-GRACEO2S uncertainties include
systematic errors) or doubling the
uncertainty published with EIGEN-GRACEO02S (or

by tripling these uncertainties) .

Time dependent gravitational field error:

Non-Gravitational perturbations:

[most of the modeling errors due to the non-
gravitational perturbations are on the perigee, in
particular due the Yarkowski effect on the perigee, but
with in this combination we only used the nodes]

error due to random and stochastic errors and other errors

TOTAL: (RSS)



LAGEOS orbital plane LAGEOS

Size of largest
i, error source due to dJy

T

Lense-Thirring drag

Earth spherical harmonic Jg4
(degree 4 and order 0)




600

Best fit line through
the observed residuals of
LAGEOS and LAGEOS 2

400+
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IGENGRACEQ2S:

1.e.. no problems to assess the
] ny 11TV PIUUI\JIII\J LW WWJWJLWVWJUJ Ll Tw

non-gravitational errors)

eIn the error analysis we have summed up the absolute
values of the errors due to each individual even zonal
harmonic uncertainty: thus we did not use the correlation
(anyhow small) among the even zonal harmonic coefficients

*The EIGENGRACEO2S model was obtained with the use
of GRACE data only and did NOT use any LAGEQOS data

*The even zonal harmonics obtained from GRACE are
Independent of the Lense-Thirring effect (the acceleration
of a polar, circular orbit satellite generated by the even

zonals Is orthogonal to the acceleration generated by the
Lense-Thirring effect).




Potentially weak points of the 2004 analysis:

*The analysis was performed with the NASA orbital
Estimator GEODYN, but what would happen by
Performing it with a different orbital estimator ?

*The 2004 analysis was perfomed with EIGENGRACEQ2S
but what happens if we change the gravity field model
(and the corresponding value of the even zonal harmonics) ?

Answer:

o|_et us use different gravity field models obtained using
GRACE




IC (Univ. Lecce), E. Pavlis (Univ Maryland Baltimore County),

KOCIIIU alld I\\ICUIIIQ)’CI \GII:Z I\VIIUIIIthIPUtSdaIII},

D
G. Sindoni and A. Paolozzi (Univ. Roma I),
R. Matzner (Univ. Texas, Austin)

Using GEODYN (NASA) and EPOS (GFZ2)




NEW 2006-2007 ANALYSIS OF THE
LAGEOS ORBITS USING THE

GFZ ORBITAL ESTIMATOR EPOS
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GRACE Earth gravity model

Ries et al. independent results for the measurement of frame.draggging

by spin using LAGEQOS, LAGEOS 2 and the GRACE Earth’s gravity models.




Weight about 400 kg

Radius about 18 cm

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

!“U!Inatlenl thllf 71 l—_\ rlagrnac

Combined with LAGEOS and LAGEQOS 2

data it would provide a confirmation of
Einstein General Relativity, the
measurement of frame-dragging with
accuracy of a few percent.



















ERRORS IN THE LARES AND LAGEOS MESUREMENTS OF THE LENSE-
THIRRING EFFECT MAY BE DIVIDED IN
NON-GRAVITATIONAL

e THE MAIN-NON GRAVITATIONAL SOURCES OF ERRORS ARE THE
UNCERTAINTIES IN THE MODELLING OF RADIATION PRESSURE FROM
SUN AND FROM EARTH (ALBEDO), THERMAL THRUST EFFECTS
(YASKOVSKI AND RUBINCAM EFFECTS), PARTICLE DRAG




(1—e2)2

I | R\ (1+=e?)
cos ]z' ) + J4 (f) = (7 sin®1— 4) [HE,H

In order to measure the Lense-Thirring effect this ciassical node precession
must be accurately enough modeled (i.e., its behavior must be predicted on
the basis of the available physical models), i.e., it must be modeled at the

level of a milliarcsec compared to the Lense-Thirring effect (of size of about

31 milliarcsec




GRAVITATIONAL
ERRORS

Even zonal harmonics, of degree
even and zero order, are the
axially symmetric deviations of
the Earth potential (of even
Degree from) spherical
symmetry.

EVEN ZONAL HARMONICS




GRAVITATIONAL ERRORS

NI M

Using the Earth gravitational model EIGEN-GRACEO2S (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 9.

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 =23 the_tlme of the LARES data
TOTAL FRROR 1.4 % 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 110
: " days of EIGEN-GRACEO2S and also
oo T to GOCE (2008).

even zonal harmonic degree
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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-GRACEOQ02S (GFZ Potsdam) model minus the
same harmonic in the GGMO02S (CSR Austin) model.
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GRAVITATIONAL ERRORS
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In Green: percent errors
IN the measurement of
the Lense-Thirring effect
for GGMO2S for each even
Zonal harmonic




The main measurement error is due to the bias in the measurement of
the inclination due to atmospheric refraction mismodelling.

The atmospheric refraction mismodeling on LAGEOS and LAGEQOS 2,
by comparing different models and different methods of observations
has been estimated to be 0.030 milliarcsec, average, and
0.010 milliarcsec, average,

From the LAGEOS and LAGEOS 2 nodal rate equations we have that
these uncertainties in the inclination produce an mismodeled nodal rate
corresponding to: 0.6 % of the Lense-Thirring effect for LAGEOS

and 0.36 % for LAGEOS 2 and of about 0.5 % in the combination of their
nodes.

the differences between the two atmospheric refraction models are for the
inclination at the level of 0.01 milliarcseconds for LAGEOS 2 and 0.03
milliarcseconds for LAGEOS 2




THE ERROR DUE TO NON-GRAVITATIONAL PERTURBATIONS IS
LESS THAN 1 %o, IN PARTICULAR:

-DI\F\II\TIﬁl\I DDI:CCI IDI: EDﬁI\II CI1 INI I\I\Ir\ CADTL AN DE MNMND 1 M \A/I
SINAALIMNTIVIN T NLOOUINL T I\NUIVI OUIN AINLY LA\INT111 UN\IN DL IVIULJI_I_I_I_LJ VVvi

HIGH ACCURACY SINCE THE SOLAR CONSTANT, ALBEDO AND THE
REFLECTIVITIES FROM THE SATELLITES ARE VERY WELL MEASURED.
-THERMAL DRAG, YARKOVSKI AND RUBINCAM EFFECTS, ARE MODELLED
IN GEODYN, AND CONTRIBUTE WITH A SMALL ERROR OF A FRACTION
OF 1%o.

*PARTICLE DRAG MISMODELLING IS NEGLEGIBLE IN THE LAGEOS
MEASUREMENTS AND SUBSTANTIALLY NEGLEGIBLE IN THE LARES
EXPERIMENT BECAUSE (1)

(IT IS MADE OF A TUNGSTEN ALLOY) AND (2) BECAUSE LARES
CONTRIBUTES TO THE MEASUREMENT OF THE LENSE-THIRRING EFFECT FOR
A 10 % ONLY OF THE MEASURED VALUE OF THE LENSE-THIRRING EFFECT,
(3) BECAUSE THERE IS A
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The differences between the two
atmospheric refraction models are at
the level of 10 microarcseconds for
the inclination, corresponding to
about 0.2 % of the Lense-Thirring
effect




In addition, the modeling errors in the inclination are routinely
corrected for using the inclination residuals using the formula:
00 =(0Q/dl) =61, where 6§/ are the inclination residuals of LAGEQOS,
LAGEOS 2 and LARES determined with GEODYN and EPOS-OC

over each arc, i.e., for LAGEOS: 6Q=6x=67* yr1, and for LAGEOS 2:
00, =53=x0/* yrt, where ¢/is measured in milliarcsec.




Murphy, Nordtvedt, Turyshev €<-> Kopeikin, I.C.

» Soffel, Klioner, Mueller, Biskupek (fitted the LLR data for a
gravitomagnetic parameter n , measured with some ~ 10-3 accuracy)

» Kopeikin useful distinction between translational and
intrinsic gravitomagnetic effects




The geodetic
precession IS
_ Geodetic precession indeed a
NO frame-dragging (de Sitter effect) g ravito mag netic
effect (frame-
V£ 0 dragging or
B~vXxE)

@ measured with
some ~ 103

accuracy by LLR

THE GRAVITOMAGNETIC FIELD

Lense-Thirring effect
(frame dragging by spin)

Only in this case (c) additional
spacetime curvature is generated
by the spin of the central body
(Kerr geometry).

But how can we define it?

Not by looking at the g,
non-diagonal components of the
metric, nor by simply looking

at the magnetic-like components
of the Riemann tensor R,y




THE GRAVITOMAGNETIC FIELD




INVARIANT CHARACTERIZATION of
“INTRINSIC" GRAVITOMAGNETISM

Gravitomagnetism defined without approximations by the Riemann tensor in a
local Fermi frame.
Matte-1953

By explicit spacetime invariants built with the Riemann
tensor:

I.C. 1994

I.C. and Wheeler 1995:

for the Kerr metric:

2 €,4,, RP,, R =1536 = M cosf (p3p~¢ — p*p~5 + 316 p p~)

In weak-field and slow-motion:

*R-R=288( M)/r’cos6 + - - -

J=aM =

*R - R similar to *F - F in electrodynamics

Similarly *R - R is different from zero in the case of two
massive bodies moving with respect to each other
(calculated using the PPN metric).




THE GRAVITOMAGNETIC FIELD

-, Test particles

bl

(D)

dX*. relative accelerations

@ (using geodesic ) @ Riojk =0 —> Case (A)

ki . *R . i
deviation equation L *R=R =0 |

[ Ripik #0 |
R” B v, Riemann curvature tensor ——=> ¢ *RIE)J}](\ ?_tg —> Case (B)

*Re R 20 | => Case (C)




“Intrinsic” Gravitomagnetism and
Lunar Laser Ranging

In order to distinguish between 'translational’ gravitomagnetic effect and
“intrinsic” gravitomagnetic effects, let us calculate the invariant *R - R

In weak-field and slow-motion, we have:

and thus on the ecliptic plane: *R - R = 0.

Similarly to electrodynamics, indeed ¥*R- R ~G - H but H~ v x G and thus
*R-R~G-(vxG)=0; Similarto*F-F~E-B~E-(vXxE)




= |.C. and E.C. Pavlis, New Astronomy, 10 636 (2005).
= |.C., E.C. Pavlis and R. Peron, New Astronomy,

11 527 (2006).

= M.K Cheng and B.D. Tapley, J. Geophys. Res.

109 9402 (2004).

m D. Lucchesi, Int. J. Mod. Phys. D, 2005.

s See Poster

» J. Ries “Private Communication” (2006):

“The results show that with the latest generation of GRACE models appear
to support a detection of the Lense-Thirring effect at about the 15 percent
level.” and “If we allow some reduction due to averaging across the various
solutions, the error is reduced to approximately 7%.” and:

“We also note that removing the rates for J3, J4 and J6 from the

analysis has a negligible effect.”




GRAVITATIONAL ERRORS

Largest gravitational perturbations of the orbits of the LARES and LAGEOS
satellites are due to the
(described by the expansion of the Earth potential in spherical harmonics).

The only secular effect affecting the orbit of a satellite are due to the

, €.79., the C20 harmonic describing the well known
quadrupole moment of Earth.

The periodical effect of the K1 tide can be averaged and fitted for (the
period of the perturbation is well known and is the period of the LARES
node) over many cycles, the LARES nodal line has a complete revolution
every 7.65 months. The final error, over a period of a few years of analysis,
Is less than 1 %.




GRAVITATIONAL ERRORS

There have been some false statements and wrong calculations in the
literature (lorio: arXiv:0809.1373v1 [gr-qc] 8 Sep 2008) claiming that the
total error due to higher harmonics is very large, i.e., of about 100 or 1000 %
the Lense-Thirring effect!!!
These calculations are completely wrong by three orders of magnitude:
(1) See the ISSI-ESA workshop (Bern October 08) poster available online
(2) The detailed calculations that will be available at the LARES web site
(3) The detailed calculations are being published in the book:

“John Wheeler and General Relativity” and in a forthcoming journal paper.
(4) From a “poor man” approach, it is clear that this type of error

decreases with the degree of the harmonic, indeed:




GRAVITATIONAL ERRORS

By comparing and differencing different GRACE Earth gravity fieid modeis
we can conclude that their published uncertainties are within two or at
most three times the differences of theif coefficients.
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s Tides: uncertainty of the order of 1 %
= Secular time variation of J,-dot, J,-dot, ...
Used: J,-dot= -2.6x10-11/yr

J,-dot= -1.41x10-1/yr +/- 0.6x10-11/yr
0(J,-dot) cancelled using our combination of nodes

and the 2005 value of J,-dot is:
J,-dot= -1.99x10-11/yr

These 2005 values of J; -dot using GEODYN imply an error

of about 6.9 % of the Lense-Thirring effect (without fitting the
residuals with a parabola) and a total error due to
time-dependent gravity uncertainties of abour 8 %o.




However, since the effect of the J, -dot on the nodal
longitude of the LAGEQOS satellites produces an effect
quadratic in t, to bound the error due to the J,-dot,
we can simply fit our observed rediduals for a linear
trend t plus a quadratic term t> The result is:

Using or NOT a J,-dot effect in our data-analysis of the
LAGEOS satellites and fitting a straight line plus a
parabola gives at most a 1% change in the
measurement of the GR prediction.

Therefore the total error due to the J,-dot is 1 % of the
Lense-Thirring effect in our determination of the Lense-
Thirring effect
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Confidence ellipse for a 99 % probability of fit
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Ditference between (T4dot)t-b =0
J4-Total measured and
J4-Total in Nature

GEACE meazurement
of J4-Total m 2003

)

Integrando per ottenere I'effetto residuo sulla longitudine
del nodo (cumulativa) =1 ottiene:

AF
(Hflﬂt)'? + b At + LT At

Ma b = (J4dot) t55 qundi s1 puo’ semplicemente
fittare una parabola pim una retta !
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0.25% |
0.2% |

0.15% |

0.05% | | | L

J2 J4 J6 J10 J12 J14 J16 J18 J20

0.1% |

Percent error (relative to the Lense-Thirring effect) due to each
even zonal harmonic using LARES, LAGEOS and LAGEOS 2



The Idea of using the Nodes of two laser ranged satellites of LAGEOS
type to measure the Lense-Thirring effect was published for the first time by
|.C. In 1984-86 (see e.g.: "Measurement of the Lense-Thirring drag on high-altitude laser-
ranged artificial satellites”, |. C., Physical Review Letters, 56, 278-281, 1986).
The idea to USe the nodes of n satellites of LAGEQOS type to cancel the

effect of the first n-1 Earth even zonal harmonics and to measure the

Lense-Thirring effect was published for the first time in 1989 by I.C. (see e.g.: "A
comprehensive introduction to the LAGEQOS gravitomagnetic experiment: from the importance of

the gravitomagnetic field in physics to preliminary error analysis and error budget"”, I.

Ciufolini, Int. Journ. of Phys. A, 4, 3083-3145, 1989. The measurement of the

Nature paper is simply the case of n=2. “A solution would be to orbit several high-altitude,
laser-ranged satellites, similar to LAGEQS, to measure J,, J,, J,, etc, and one satellite to
measure (Q_dot)Lense-Thirring".

Thus, the case of the Nature paper is just the one with two satellites. At that time the error due to
the even zonal harmonics was quite larger due to the much less accurate Earth gravity models and
the LAGEOS 2 satellite was not yet launched (it was launched in 1992).




The results plus analysis plus the combination for the measurement of the Lense-Thirring
effect using the two nodes only of the LAGEQS satellites and some of the older models based
on CHAMP and GRACE have also been presented and published by I.C. in the proceedings
(IOP) of the Villa Mondragone School, Rome, 2002, presented by I.C. at a plenary talk at the

Marcel Grossmann meeeting in Rio de Janeiro in July 2003 (to appear in the proceedings).




Lense-Thirring imprint on the
GRACE models

It IS a effect, as shown in 1.C. & E.P. 2005.

Indeed the Lense-Thirring effect is, at the post-
Newtonian order, formally similar to the Lorents force,
l.e., @ = Vv X H, therefore for a polar satellite (H is
contained in the polar orbital plane) a is orthogonal to
Its orbital plane.

On the contrary the acceleration resulting from the
even zonal harmonics on a polar satellite (such as
GRACE) iIs along-track (along v) and radial (r) but it
has zero out-of-plane component.

Therefore, the two “forces” are orthogonal and in no
way one can affect and bias the other: a; 1 ® @qyenzonals
= 0.

Therefore, the influence of the Lense-Thirring effect
In the determination of the even zonal harmonics with
a polar satellite with circular orbit is zero, i.e., the
iInfluence of LT effect on the GRACE models is




s Average Inclination Residual:
for LAGEOS iIs -0.015 milliarcsec,
for LAGEOS less than -0.002 milliarcsec

On the node this inclination error Is:




m

We routinely correct our node residuals with the
Inclination residuals: ¢  andé [
using the formulas (see 1.C., Nuovo Cimento, 1996):

So, if there is any systematic bias left in the inclinations of both LAGEOS and
LAGEOS Il it must be due atmospheric refraction mismodeling. However, on
the basis of the new refraction models of Mendes, Prates E. Pavlis, D. Pavlis
and Langley, 2002, on a long period of time of about 11 years the constant
total systematic out-of- ~plane error is negligible (the nodal plane has many
revolutions); even if we assume that over a very long period of observation
we still have a constant total systematic out-orf-plane error in the inclination
of 3 mm (of the order of the uncertainty of the two-colour laser-ranging),
that is a pessimistic hypothesis over our 11 years of observation, such an
error would correspond to an inclination error of 0.05 milliarcsec and thus
to an error of about 1 % only in the modelling of the nodal rate:




Results.

Several points are clear. The LT estimates from the various models are all consistent
with the GR prediction to within about 30% maximum or about 17% 1-sigma. The mean
across all the models used here agrees with GR to 1%. If we allow some reduction due
to averaging across the various solutions, the error is reduced to approximately 7%.
Comparing the case where LT was modeled for GGMO02S to the case where it was not
modeled, the difference is exactly 1.00, indicating that the method is clearly sensitive to
the modeling (or lack of modeling) the LT effect. A similar test was conducted regarding
the effect of geodesic precession (de Sitter precession). This effect is roughly 50% of the
LT effect, and failure to model it leads to a roughly 50% error in the LT estimate. \\V/e
also note that removing the rates for J3, J4 and J6 from the analysis has a negligible
effect, whereas failure to map J4 to a consistent epoch is much more significant (12%).

Finally, we note that the scatter in the estimates for C40 and C60 are significantly larger
than the error assigned to these coefficients. In the case of C40, all coefficients were
mapped to the same epoch, yet the scatter is larger than even the most pessimistic error
estimate. When estimating the expected uncertainty in the LT experiment due to these
harmonics, a more pessimistic error estimate should be used rather than those in the
gravity model solutions.




Some conclusions by John Ries of the Center for Space Research
of the University of Texas at Austin.

Introduction:

The principal goal was to attempt to validate the earlier published results using a wider
variety of GRACE-based gravity models that are now available. This would provide a
more confident error assessment. In addition, some sensitivity tests were conducted
regarding the modeling of important related effects, and no important limitations were
observed. The results show that with the latest generation of GRACE models appear to
support a detection of the Lense-Thirring effect at about the 15 percent level. This
relativistic test will continue to improve as the the GRACE-based gravity models
Incorporate more data and the processing methods improve.

Method:

The analysis followed the procedure outlined in Ciufolini et al. 1998 (for the node-node-
perigee combination) and Ciufolini and Pavlis (2004) for the node-node combination.
LAGEOS-1 and LAGEQOS-2 satellite laser ranging (SLR) data covering the span of
October 1992 through April 2006.

Several ‘second-generation’ GRACE-based gravity models were tested. These included
GGMO02S (Tapley et al., 2005), EIGEN-CGO02S (Reigber et al., 2005), EIGEN-CG03C
(Forste et al., 2005), EIGEN-GLO04C (Forste et al., 2006), an unpublished gravity model
(JEMO4G) from the Jet Propulsion Laboratory based on 626 days of GRACE data (D.
Yuan, personal communication, 2006).
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GRAVITATIONAL ERRORS

Confirming the Frame-Dragging Effect with Satellite Laser Ranging

John C. Ries, Richard J. Eanes, Michael M. Watkins

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

E-mail: ries@csr.utexas.edu

The theory of General Relativity predicts several non-Newtonian effects that have been
observed by experiment, but one that has proven to be challenging to directly confirm is the
so-called ‘frame dragging' effect. One manifestation of this effect is the Lense-Thirring
precession of a satellite's orbital plane due to the Earth's rotation. While the signal is large
enough to be easily observed with satellite laser ranging, the Lense-Thirring measurement
uncertainty is limited by the knowledge of the even zonal harmonics of the Earth's gravity
field that also produce Newtonian secular orbit precessions. In the late 1980's, it was
proposed to launch the LAGEOS-3 satellite matching LAGEOS-1, except that the orbit
inclination would be exactly supplementary to LAGEOS-1. This would have allowed the
cancellation of the equal but opposite orbit precession due to the Earth's gravity field to
reveal the Lense-Thirring precession. However, this satellite was never launched, and the
orbit selected for LAGEOS-2 was not sufficiently close to the proposed LAGEOS-3 orbit
specifications to support an accurate Lense-Thirring experiment with the available gravity
models. However, this problem has been largely overcome with the dramatically improved
models resulting from the joint NASA-DLR Gravity Recovery and Climate Experiment (GRACE)
mission.

In addition, with extensive modeling improvements in the various models, including
the terrestrial reference frame and solid earth and ocean tides, we show that a credible
experiment can be conducted with just four years of SLR overlapping the GRACE mission.

16th International Workshop on Laser Ranging, October 2008 Poznan, Poland
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EGM96 Model and its uncertainties

Even
zonals

I m

value

Uncer
-tainty
IN
value

Uncer-
tainty
on

node |

Uncer-
tainty
on node
1

0.48416
5

37 x 10-
03

0.36x10-
10

0.53987
386 x
10-06

0.14995
7

99 x 10-

0.15x10-
09




Needed 3 observables
we only have 2: :

(orbital angular momentum vector)




EGM96 Model and its uncertainties

Even
zonals

I m

value

Uncer
-tainty
N
value

Uncer-
tainty
on

node |

Uncer-
tainty
on node
1

Uncer-
tainty
on

Perigee
|

0.48416
5

37 x 10
03

0.36x10"
10

0.8 ot

0.53987
386 X
1006

0.1 x10
09

0.14995

0.15x10
09




3 main unknowns: and

NI

ey ey A | B =y evaray Ay 5y ey
INCCuUCcU o UsSCElvadallCs.

2: (orbital angular momentum vector) plUS

1: (Runge-Lenz vector)

m = K, X + K, x + K, X 6C,, 0+ 1 (31
mas/yr)

m = K’, X + K', X + K'5, X 6Cy, 0+ 7 (31.5
mas/yr)

[ — K"2 X + K"4 X + K"2I‘| X 6C2n,0 - (57
mas/yr)

not dependent on 6C,,and 6C,,

I.C., PRL 1986; 1.C., IJMP-A 1989; I.C., NC-A 1996




- N
—

© Ke)
x, M, Xk *
*&,ﬁi* adia I 19
i A R v
* % ¥ w * % 3
A b
e # tﬂ o
* ¥ Il
e X *ﬂ**i* * Aﬁ* 4 00
* T S L
x Frror B
ok o Y o =
B #ﬂ****wxﬂni * goge MK nOn_VUJ

*.! *

*x* hﬂ Fx ﬁ* - **mwhn* xmﬂ
*A&n #.ﬁ! *.xwﬁ Aﬂtn N

ok XX x a“

* ¥ oK Hy KK 133 ﬁf*r

- S T -
QS c N T ... IS0l I N

© ®©O ¥ NOQ ¥ Q D O ¥ NoOo oY A

(Aep-y|)/oesaJel|iw " (Kep-p)/09soseliw

i



(Y g
[ A\

GFZ POTSDAM EIGEN-GRACEO02S GRACE-only gravity field
I m coefficient formal error
GRCOF2 20 -.484165197888E-03 0.1433E-11
GRCOF2 40 0.539992946856E-06 0.4207E-12
GRCOF2 60 -.149930382378E-06 0.3037E-12
GRCOF2 80 0.494878910262E-07 0.2558E-12
GRCOF2 100 0.533212229998E-07 0.2347E-12
GRCOF2 120 0.364403114697E-07 0.2253E-12
GRCOF2 14 0 -.226739374086E-07 0.2233E-12
GRCOF2 160 -.470696292201E-08 0.2255E-12
GRCOF2 18 00 .609911161619E-08 0.2324E-12
GRCOF2 20 00 .215572707368E-07 0.2420E-12







Problems with the GP-B data analysis have been outlined,

see, for example Prof. O'Connel :
http://www.phys.lsu.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
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for LAGEOS 11: @y grosn = 160°/year, and the classical perigee precession is:

o 3
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4 (
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where the P,, are the coefficients (in the equation for the perigee rate) of the

nonnormalized even zonal harmonics J,, = —\/4#n + 1Cs,. Thus, for the perigee of
2 2
LAGEOS 1I, one has (in units of @fpmsethiring):

By J " day Jofi”
due to JGM3 due to difference
estimated errors (JGM3 — GEMT3)
Ol ~ 1.1 - 59
OCy ~ 2.1 ~ 5.3
oCy ~ 0.41 - (132
dCq — (.68 ~ (.8

OCip. 0 ~ (.22 ~ 0.07

From these unecertainties 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 Cy and Cy,.

Thus, summarizing, we have now the three unknowns 8Cy, 0C, and Lense-
Thirring effect, and the three observable quantities @ siross; Paswosny SHA

] AGEOS 1] -

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

(12) 68;=(—9.3-10") X 8C55 — (4.62-10") X 8Cyy + TNy, X 8Cs,0+6 X 81y + 31,
where &0 is in units of milliaresec/year, and &7 in milliaresec. This formula ghows the
main error sources in the calculated 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 dCy, and 8Cy,, we then have the error due to
the uneertainties in the higher even zonal harmonics 6, (with 2% = 6), and the error
due to the uncertainties in the determination of the inclination 6/;. In this formula we
have also included the Lense-Thirring [2] parameter u, by definition 1 in general
relativity: «""=1, that, if not incorporated in the modeling of the orhital
perturbations, will affect the orbital residuals. One can write a similar expression for
the node of LAGEOS II:

(18} - &= (17.17-10%),x 8Cs

+(1.68-10") x 8Cy + ENY, X 8Cs,0 + 5.3 x 0l + 31.5u
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