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Test of General Relativity and Measurement 
of the Lense-Thirring Effect with 

Two Earth Satellites 
lgnazio Ciufolini, Erricos Pavlis, Federico Chieppa, 
Eduardo Fernandes-Vieira, Juan Perez-Mercader 

The Lense-Thirring effect, a tiny perturbation of the orbit of a particle caused by the spin 
of the attracting body, was accurately measured with the use of the data of two laser- 
ranged satellites, LAG'EOS and LAGEOS II, and the Earth gravitational model EGM-96. 
The parameter I*, which measures the strength of the Lense-Thirring effect, was found 
to be 1 . I  1 0.2; general relativity predicts = I. This result represents an accurate test 
and measurement of one of the fundamental predictions of general relativity, that the spin 
of a body changes the geometry of the universe by generating space-time curvature. 

Einstein's general theory of relativity ( I ,  2) 
predicts the  occurrence of peculiar phe- 
noinena 111 the  vicinity of a spinning body, 
caused by its rotation, that have not  yet 
been measured ( 3 ) .  W h e n  a clock that co- 
rotates very slowly around a spinning body 
returns to its startine uoint, it finds itself " 

advanced relative to  a clock kept there a t  
"rest" (with resuect to "distant stars"). In- 
deed, synchronization of clocks all around a 
closed path near a spinning body is not  
possible, and light co-rotating around a 
soinnine bodv would take less time to  re- 
turn to: fixed point than light rotating in  
the  opposite direction (2) .  Similarly, the  
orbital period of a particle co-rotating 
around a spinning body \vould be longer 
than the  orbital period of a particle 
co~unter-rotating o n  the  saine orbit. Further- - 
more, an  orbiting particle around a spinning 
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body 1~111 have its orbital plane "dragged" 
around the  spinning body in the  same sense 
as the  rotation of the  body, and sinall gyro- 
scopes that  determine the  axes of a local, 
freely falling, inertial fraine, where "locally" 
the  gravitational field is "unobser\,able," 
will rotate with resoect to  "distant stars" 
because of the  rotaiion of the  body. This 
phenoinenon-called "dragging of inertial 
frames" or, inore simply, "fraine dragging," 
as Einstein named it-is also known as the 
Lense-Thirring effect (1 . 2 .  4 ) .  In  Einstein's 
general theory of relativity, all of these phe- 
nolnena are the  result of the  rotation of the  
central mass. 

Rotation, inertia, and the  "fictitious" 111- 

ertial forces arising in  a rotating system 
have been central issues and problems of 
~nechanics since the  tiine of Galileo and 
Newton (5). Mach thought that the  cen- 
trifugal forces were the  result of rotation 
with respect to  the  inasses in the  universe, 
and Einstein's de\,elopmeilt of the  general 
theory of relativity was influenced by 
Mach's ideas o n  the  origin of inertia and 
inertial forces. Today, the  level at which 
general relativity satisf~es Mach's ideas o n  
inertia is still debated and discussed. How- 
ever general relativity satisfies a t  least a 
kind of "weak manifestation" of Mach's 
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(1 987). 
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ideas: the  dragging of inertial frames (2) .  
Indeed, in Einstein's gravitational theory, 
the  concept of an  inertial fraine has only a 
local meaning, and a local inertial frame is 
"rotationally dragged" by mass-energy cur- 
rents because moving masses ~nf luence and 
change the  orientation of the  axes of a local 
inertial fraine ( that  is, the  gyroscopes); thus, 
a current of mass such as the  spinning Earth 
"drags" and changes the  orientation of the  
gyroscopes a ~ i t h  respect to  the  distant stars. 

T o  i~nderstand these phenomena of gen- 
eral relativity associated with the  rotation 
of a mass, one may use a forinal analogy 
with the  classical theory of electromagne- 
tism. Newton's law of eravitation has a 
formal counterpart In Coulomb's law of 
electrostatics: however. Newton's theory 
has no  phenoinenon fornlally analogous to 
maenetism. O n  the  other hand, Einstein's " 

t h e o r ~  of gravitation predicts that the  force 
generated by a current of electr~cal charge, 
descr~bed b~ Ampere's lam, should also have 
a forinal counteruart "force" eenerated bv a 
current of inass.. T h e  detectyon and &a- 
sureinent of this "gravitomagnetic" force is 
the  subject of this report. 

T h e  gravitomagnetic force causes a gy- 
roscope to precess with respect to  an  asymp- 
totic inertial fraine with angular velocity 
0 = -?hH = [-J + 3(~ .2 )2 ] / l  xi3, where 
H is the  gra\,itomagnetic field, J is the  
angular momentum of the  central object, 
and x is the  gyroscope's position vector. 
This forrnula quantifies the  Lense-Thirring 
effect for a gyroscope (1 .  2).  T h e  gravito- 
magnetic force also causes small changes in 
the  orbit of a test particle (4) .  In  particular, 
there is a secular rate of change of the  
l o n g i t ~ ~ d e  of the  nodes (intersection be- 
tween the  orbital plane of the  test particle 
and the  equatorial plane of the  central 
object) gi\,elI by f l L e n x - T l u n ~ n ~  = 
[a3(1 - e2  312 

2 JI 
) 1, where a is the  semiinajor 

axis of the  test particle's orbit and e is its 
orbital eccentricity. In  addition, there is a 
secular rate of change of the  longitude of 
the  pericenter (2 ) ,  6 (determined by :he 
R ~ ~ ~ ~ ~ - L ~ ~ ~  \,ector): ,+en:e-Thlrrllle = 2J[J - 
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~ ( C O S  1)f]l[a3(1 - e2)312], where I is the 
orbital inclination, cos I = 3.1, and 1 is the 
particle's orbital angular momentum (Fig. 
1). 

In astrophysics, a supermassive spinning 
black hole and its gravitomagnetic field 
may explain the constant orientation of the 
long jets of matter ejected from the cores of 
quasars and active galactic nuclei (6). 
These jets have emission times that may 
reach millions of years. 

Here we describe a direct measurement, 
with an accuracy of about 20%, of one of 
the phenomena caused by the gravitomag- 
netic field (4). Our detection and measure- 
ment was obtained by using the satellite 
laser-ranging (7) data of the satellites 
LAGEOS (Laser Geodynamics Satellite, 
NASA) and LAGEOS I1 [NASA and the 
Italian space agency (ASI)] and the latest 
Earth gravitational field model, EGM-96. 

The measurement of distances has al- 
ways been a fundamental issue in astrono- 
my, engineering, and science in general. So 
far, laser ranging has been the most accurate 
technique for measuring the distances to 
the moon and artificial satellites (7). Short- 
duration laser pulses are emitted from lasers 
on Earth, aimed at the target through a 
telescope, and then reflected back by opti- 
cal cube-comer retroreflectors on the moon 
(8) or the artificial satellite (9), such as 
LAGEOS (10). By measuring the total 
round-trip travel time, one can determine 
the distance to a retroreflector on the moon 
with an accuracy of about 2 cm and to the 
LAGEOS satellites with a few millimeters 
accuracy. 

We analyzed the laser-ranging data using 
the principles described in (I  1 ) and adopt- 
ed the IERS conventions (1 2) in our mod- 
eling, except that we used the recently re- 
leased static and tidal EGM-96 model (1 3). 
Error analysis of the LAGEOS orbits indi- 
cated that the EGM-96 errors can only 
contribute periodic root-sum-square errors 
of 2 to 4 mm radially, and in all three 
directions they do not exceed 10 to 17 mm. 
The initial ~ositions and velocities of the 

station coordinates were adjusted (account- 
ing for tectonic motions) except for those 
defining the TRF terrestrial reference 
frame. Polar motion was also adjusted, and 
Earth's rotation was modeled from the very 
long baseline interferometry-based series 
SPACE96 (16). We analyzed the orbits of 
the LAGEOS satellites using the orbital 
analysis and data reduction software 
GEODYN I1 (1 7). 

The node and perigee of LAGEOS and 
LAGEOS I1 (Fig. 1) are dragged by Earth's 
angular momentum. From the Lense-Thir- 
ring formula, we get RIL"n"-Thi"ing = 3 1 
maslyear and Rlp"-ni"ing = 31.5 
maslyear, where mas is a millisecond of arc. 
The argument of pericenter (perigee in our 
analysis) o of a test particle-that is, the 
angle on its orbital plane that measures the 
departure of the pericenter from the equa- 
torial plane of the central body-also has a 
Lense-Thirring drag: elkn"-Thi"ing - 32 

and wIILen=-ni"ing = -57 mas/ 
year. The nodal precessions of LAGEOS 
and LAGEOS I1 can be determined with an 
accuracy of the order of 1 maslyear. Over 
our total observational period of about 4 
years, we obtained a root mean square of the 
node residuals of -4 mas for LAGEOS and 
-7 mas for LAGEOS 11. For the perigee, 
the observable quantity is the product e h .  
The perigee precession w for LAGEOS is 
difficult to measure because its orbital ec- 
centricity e = 0.004. The orbit of LAGEOS 
I1 is more eccentric, with e - 0.014, and the 
Lense-Thirring drag of the perigee of 
LAGEOS I1 is almost twice as large in 
magnitude as that of LAGEOS. Over about 
4 years, we obtained a root mean square of 
the residuals of the LAGEOS I1 perigee of 
about 25 mas, whereas the total Lense- 
Thirring effect on the perigee is, over 4 
years, f. -228 mas. To measure the Lense- 
Thirring effect from the residuals of the 
orbital elements, we introduced a parameter 
y, which, by definition, is equal to one in 
general relativity (2) and zero in Newto- 
nian theory. 

The main error in this measurement is 
due to the uncertainties in Earth's even 
zonal harmonics and their time variations. 
The unmodeled orbital effects due to the 
harmonics of lower order are comparable to, 
or larger than, the Lense-Thirring effect. 
However, by analyzing the EGM-96 model 
with its uncertainties in the even zonal 
harmonic coefficients; and by calculating 
the secular effects of these uncertainties on 
the orbital elements of LAGEOS and 
LAGEOS 11. we find that the main sources 
of error in the determination of the Lense- 
Thirrine effect are concentrated in the first .. 
two even zonal harmonics, j2 and j4. We 
can, however, . use the three observable 
quantities RI, RII, and hII to determine y 
(18), thereby avoiding the two largest 
sources of error, those arising from the un- 
certainties in j, and j4. We do this by 
so1ving.the system of the three equations for 
6RI, 6RII, and 6w,, in the three unknowns 
y,  J2, and j4, obtaining 

+ other errors = y(60.2 maslyear) 

where c, = 0.295 and c, = -0.35. Equation 
1 for y does not depend on j, and j4 nor on 
their uncertainties; thus, the value of y that 
we obtain is unaffected by the largest errors, 
which are due to 6j2 and 6j4, and is sensi- 
tive only to the smaller errors due to 6Jzn 
with 2n 2 6. 

Similarly, regarding tidal, secular, and 
seasonal changes in the geopotential coef- 
ficients, the main effects on the nodes and 
perigee of LAGEOS and LAGEOS 11, 
caused by tidal and other time variations in 
Earth's gravitational field (1 9, 20), are due 
to changes in 1, and J4. However, the tidal 
errors in J, and J4 and the errors resulting 

LAGEOS satellites were adjusted for each - - - - 
UQlEOS Fig. I. The orbits of 

15-day batch of data, along with a set of ~ LAGEOS and LAG= 
accelerations in the along-track direction 11; thek nodes fl, and 4,; 
(to account for the residual drag at the and perigee q,. 
satellites' altitude) and small variations in 
their reflectivities. Solar radiation pressure, 
Earth albedo, and anisotropic thermal ef- 
fects were also modeled (14). In modeling 
the thermal effects, the orientation of the 
satellite spin axis was obtained from (15). 
Lunar, solar, and planetary perturbations 
were also included in the equations of mo- 
tion, formulated according to Einstein's 
general theory of relativity with the excep- 
tion of the Lense-Thirring effect, which was 
purposely set to zero. All of the tracking 
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from other unmodeled time variations in J2 

and J4, including their secular and seasonal 
variations, are eliminated by our combina
tion of residuals of nodes and perigee. In 
particular, most of the errors resulting from 
the 18.6- and 9.3-year tides, associated with 
the lunar node, are eliminated in our mea
surement. The same method was used in 
{20), but the gravitational field model and 
especially the Earth tidal model used here 
are more accurate. Also, we refined the 
nongravitational perturbations model, and 
the total period of observation was here 
longer by 1 year. Thus, we substantially 
reduced -the total error in the measurement 
of (JL. An extensive discussion of the various 
error sources that can affect the result is 
given in (20)] only a brief discussion of the 
error sources is given here. 

In Fig. 2, we display the linear combi
nation of the residuals of the nodes of 
LAGEOS and LAGEOS II and perigee of 
LAGEOS II according to Eq. 1 to elimi
nate the 8J2 and 8J4 errors after removing 
four small periodic residual signals and the 
small observed inclination residuals. The 
removal of the periodic terms was 
achieved by a'least squares fit of the resid
uals using a secular trend and four periodic 
signals with 1044-, 820-, 569-, and 
365.25-day periods, corresponding to, re
spectively, the nodal period of LAGEOS, 
the perigee and nodal periods of LAGEOS 
II, and 1 year. The 820-day period is the 
period of the main odd zonal harmonics 
perturbations of the LAGEOS II perigee; 
the 1044- and 569-day periods are the 
periods of the main tidal orbital perturba
tions, with I = 2 and m = 1, which were 
not eliminated using Eq. 1. Some combi
nations of these frequencies correspond to 

the main nongravitational perturbations 
of the LAGEOS II perigee. We stress that 
the present analysis using EGM-96 and its 
accurate tidal model is substantially inde
pendent of the removed signals, whereas 
the previous analysis (20) depended on 
the periodic terms included in the fit. In 
other words, our value (Fig. 2) of the 
secular trend does not significantly change 
by fitting additional periodic perturba
tions, and indeed, even the fit of the 
residuals with a secular trend only, with no 
periodic terms, just increases the slope by 
less than 10%. Nevertheless, in this case, 
the root mean square of the post-fit resid
uals increases by about four times with 
respect to Fig. 2. 

Our best-fit straight line of Fig. 2, 
through the combined residuals of nodes 
and perigee, has a slope |xmeas ^ 1.1 ± 0.03, 
where 0.03 is its standard deviation. This 
combined, measured, gravitomagnetic per
turbation of the satellites' orbits corre
sponds to about 16 m at the LAGEOS 
altitude, that is, about 265 mas. The root 
mean square of the post-fit combined resid
uals is about 9 mas. Our total error is re
duced to 20% of (JLGR. Using the EGM-96 
covariance matrix, we found the errors due 
to uncertainties in the even zonal harmon
ics J2n with In > 6 to be 8(JLeven ^ 13% of 
(JLGR, and the errors in the modeling of the 
perigee rate of LAGEOS II due to uncer
tainties in the odd zonal harmonics ]2n+v 
8(jiodd ^ 2% of (JLGR. Using the improved 
tidal model, we estimated the effect of tidal 
perturbations and other variations of Earth 
gravitational field to be 8(jLtides ^ 4% of 
(JLGR. On the basis of analyses (20) of the 
nongravitational perturbations—in particu
lar, those on the perigee of LAGEOS II— 

we found 8|xnongrav ^ 13% of |xGR, and the 
error due to uncertainties in the orbital 
inclinations of LAGEOS and LAGEOS II 
was estimated as 8(JLincl ^ 5% of (JLGR. Tak
ing into account all of these error sources, 
we arrived at a total root-sum-square error 
^20% of (JLGR. Therefore, over an observa
tional period of 4 years and using EGM-96, 
we determined |JLmeas = 1.1 ± 0.2, where 
0.2 is the estimated total uncertainty due to 
all of the error sources. 

Based on the analysis of the orbits of 
the laser-ranged satellites LAGEOS and 
LAGEOS II, we conclude that the gravito
magnetic or Lense-Thirring effect exists, 
and its value is within 10%, plus or minus a 
total error of 20%, of what is predicted by 
Einstein's theory of general relativity, that 
is, (JLGR = 1. Hence, this direct measure
ment of the Lense-Thirring effect confirms 
one of the remaining fundamental predic
tions of general relativity, that a current of 
mass-energy, such as a spinning mass, as a 
result of its mass-motion, changes the ge
ometry of the universe (2) by generating 
space-time curvature. 
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studies have demonstrated no  significant l" Lymphocytes and Plasma Load of Viral RNA correlation between circ~11ating H I V - S ~ ~ C ~ ~ -  
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Although cytotoxic T lymphocytes (CTLs) are thought to be involved in the control of 
human immunodeficiency virus-type 1 (HIV-1) infection, it has not been possible to 
demonstrate a direct relation between CTL activity and plasma RNA viral load. Human 
leukocyte antigen-peptide tetrameric complexes offer a specific means to directly quan- 
titate circulating CTLs ex vivo. With the use of the tetrameric complexes, a significant 
inverse correlation was observed between HIV-specific CTL frequency and plasma RNA 
viral load. In contrast, no significant association was detected between the clearance rate 
of productively infected cells and frequency of HIV-specific CTLs. These data are con- 
sistent with a significant role for HIV-specific CTLs in the control of HIV infection and 
suggest a considerable cytopathic effect of the virus in vivo. 

A t  all stages of disease, plasma R N A  viral 
load remains the  most potent predictor of 
outcome in  HIV-1-infected individuals ( 1 ). 
Cross-sectional stratification of R N A  loads 
provides a highly significant indicator of 
the  likelihood of progression to  acquired 
immunodeficiency syndrome (AILIS) and 
mortality ( 1  ) .  Even shortly after serocon- 
version the  virological setpoint is signifi- 
cantly associated with prognosis, suggesting 
that in most individuals the  determinants of 
progression are present early in the  course 
of infection ( 1  ). T h e  dominant host irnmu- 
~ ~ o l o g i c a l  factors involved in the  control of 

progression remain unresolved, but most in- 
fected individuals show a vigorous HIV- 
specific immune response comprising both 
cellular and humoral mechanisms. 

Cytotoxic T ly~nphocytes (CTLs)  are be- 
lieved to be important in the control of HIV 
infection (2-6) because the emerging HIV- 
specific C T L  response observed during pri- 
mary infection follows a close temporal asso- 
ciation with acute viral load reduction ( 2 , 3 ) .  
Evidence also comes from the characteriia- 
tion of virus mutants that escape recognition 
bv CTLs that have been identified a t  sero- 
conversion, during asymptomatic HIV infec- 
tion, durine AIDS, and after C T L  immuno- 
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ic C T L  activity and plasma RNA viral load 
during the  chronic phase (9-1 1 ) .  High 
C T L  activity in  the  presence of lorn1 levels 
of plasma viral R N A  has been reported, but 
these findings were based o n  qualitative 
associations and indirect assays of C T L  
function that require culture and expansion 
in  vitro (12) .  In  a study of early HIV infec- 
t ion only, the  levels of Env-specific cul- 
tured memory CTLs  were inversely corre- 
lated with R N A  viral load, but this finding 
did not  extend to  Gag- or Pol-specific mem- 
ory CTLs  (13).  Direct lneasurernent of lytic 
activity by uncultured, circulating HIV-spe- 
cific CTLs (effector CTLs,  C T L e )  has only 
been possible in  a subset of patients because 
the  assay is relatively insensitive, requiring 
antigen-specific C T L e  frequencies above 1 
in  100 peripheral blood mononuclear cells 
(PBMCs) for lysis to be detectable (14) .  
Here we have used highly sensitive human 
leukocyte antigen (HLA)-tetrameric com- 
plexes for a cross-sectional analysis of HIV 
Gag- and Pol-specific C T L e  frequencies 
from 14 untreated H L A  A"'0201-positive 
individuals a t  different stages of infection. 

HLA-tetrameric complexes can be used 
to  directly visualize antigen-specific T cells 
by flow cytornetry (15).  H L A  heavy chain 
is expressed in Esche~ichia coli with a n  engi- 
neered COOH-terminal signal sequence 
containing a biotinylation site for the  en- 
zyme BirA (16).  After refolding of heavy 
chain, P2-microglobulin (P2M) ,  and pep- 
tide, the  complex is biotinylated and tet- 
ramer formation induced by the  addition of 
streptavidin. By ~neans  of fluorescently la- 
beled streptavidin, the  tetralner can be used 
to stain and sort antigen-specific cells. T h e  
staining is highly specific such that C T L  
clones and lines directed to different 
epitope peptides bound to the  same H L A  
molecule do not  stain (15).  Figure 1,  A to 
C, shows examples of HLA-tetrameric 
staining with ( A )  H L A  B43501 tetralner 
refolded around the  envelope peptide DPN- 
PQEVVL [Env(77-85)] ( I / " ) ,  (B)  H L A  
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