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The ultraprecise Gravity Probe B experiment measured the frame-dragging effect and geodetic

precession on four quartz gyros. We use this result to test WEP II (weak equivalence principle II) which

includes rotation in the universal free-fall motion. The free-fall Eötvös parameter � for a rotating body is

� 10�11 with a four-order improvement over previous results. The anomalous torque per unit angular

momentum parameter � is constrained to ð�0:05� 3:67Þ � 10�15 s�1, ð0:24� 0:98Þ � 10�15 s�1, and

ð0� 3:6Þ � 10�13s�1, respectively, in the directions of geodetic effect, frame-dragging effect, and

angular momentum axis; the dimensionless frequency-dependence parameter � is constrained to

ð1:75� 4:96Þ � 10�17, ð1:80� 1:34Þ � 10�17, and ð0� 3Þ � 10�14, respectively.
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Equivalence principles [1–3] are cornerstones in the
foundation of gravitation theories. The Galilei equivalence
principle states that test bodies with the same initial posi-
tion and initial velocity fall in the same way in a gravita-
tional field. This principle is also called universality of free
fall (UFF) or weak equivalence principle (WEP).

Since a macroscopic test body has 3 translational and 3
rotational degrees of freedom, true equivalence must ad-
dress all 6 degrees of freedom. We propose a second weak
equivalence principle (WEP II) to be tested by experi-
ments. WEP II states that the motion of all 6 degrees of
freedom of a macroscopic test body must be the same for
all test bodies [4,5]. There are two different scenarios
that would violate WEP II : (i) the translational motion is
affected by the rotational state; (ii) the rotational state
changes with angular momentum (rotational direction/
speed) or species.

In the latter part of the 1980s and early 1990s, the focus
was on whether the rotation state would affect the trajec-
tory. In 1989, Hayasaka and Takeuki [6] reported their
results that, in weighing gyros, gyros with spin vector
pointing downward reduced weight proportional to their
rotational speed while gyros with a spin vector pointing
upward did not change weight. This would be a violation of
WEP II if confirmed. Since the change in weight �m is
proportional to the angular momentum in this experiment,
the violation could be characterized by the parameter �
defined to be �m=I where I is the angular momentum of
the gyro. Soon after, Faller et al. [7], Quinn and Picard [8],
Nitshke and Wilmarth [9], and Imanish et al. [10] per-
formed careful weighing experiments on gyros with im-
proved precision, but found only null results which are in
disagreement with the report of Hayasaka and Takeuchi
[6]. In 2002, Luo et al. [11] and Zhou et al. [12] set up
interferometric free-fall experiments and found null results
in disagreement with [6] also.

Table I compiles the experimental results. In the second
and third columns, we list the parameter � and the

Eötvös parameter � measured in each experiment. The
Eötvös parameter � is defined as �m=m. The angular
momentum I is given by I ¼ 2�fmrgyration

2 where

rgyration½¼ ðmoment of inertia=mÞ1=2� is the radius of gy-

ration for the rotating body. Hence, we have the relation

� ¼ �=ð2�frgyration2Þ; (1)

where f is the frequency of rotation of the gyro.
For rotating bodies, the Gravity Probe B (GP-B) experi-

ment [13–19] has the best accuracy. GP-B, a space experi-
ment launched 20 April 2004, with 31 years of research
and development, 10 years of flight preparation, a 1.5 yr
flight mission and 5 years of data analysis, has arrived at
the final experimental results for this landmark testing of
two fundamental predictions of Einstein’s theory of gen-
eral relativity (GR), the geodetic and frame-dragging ef-
fects, by means of cryogenic gyroscopes in Earth’s orbit.
The spacecraft carries 4 gyroscopes (quartz balls) pointing
to the guide star IM Pegasi in a polar orbit of height
642 km. GP-B was conceived as a controlled physics
experiment having mas/yr stability (106 times better than
the best modeled navigation gyroscopes) with numerous
built-in checks and methods of treating systematics.
With GP-B accuracy, the impact of its implication on the

tests of various physics will take some time to investigate.
Here, we use the GP-B results to test WEP II and to
constrain relevant parameters. The results of the experi-
ment are compiled in Table II [13,20,21]. The quartz
gyroscope has a diameter of 3.81 cm. The rotation (spin)
rates of four gyros are tabulated in the second column of
Table II. The four quartz gyros were initially aligned to the
bore sight of the telescope pointing to the guide star IM
Pegasi (HR 8703). Gyroscopes 1 and 3 had their spin axes
(using the right-hand rule) pointed toward the guide star
(positive spin rate) while Gyroscopes 2 and 4 had their spin
axes pointed in the opposite direction from the direction to
the guide star (negative spin rates). The spin-down rates of
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the four gyroscopes are tabulated in the third column of
Table II. In calculating the � and � parameters for GP-B,
we use the data listed in the Gravity Probe B Quick Facts
[22]. There are four gyroscopes (G1, G2, G3, and G4) with
one of them also as a drag-free test body. The drag-free
performance is better than 10�11g in the transverse direc-
tions to the guide star direction. In a more detailed analysis,
the relative acceleration of different gyros with different
speed needs to be deduced from levitating feedback data
and local space gravity distribution. With this analysis, the
results for relevant frequencies could be better. Here we
take 10�11g as an upper bound of the Eötvös parameter �.
With its precision, GP-B gives a constraint on � that is
much better than previous experiments on earth. The result
of GP-B is about 4 orders better than the second best
experimental result for rotating bodies (Table I).

To test WEP II regarding the rotational state changes
with different angular momentum or species, one needs to
measure the rotational direction and speed very precisely
with respect to time. GP-B has four gyros rotating with
different speeds and has measured the rotational directions
very precisely. The quartz rotors have been placed in high-
vacuum housing with a very long spin-down time. The
WEP II violation parameter � for a test body is defined
to be the anomalous torque �a on the rotating body divided
by its angular momentum I!:

� ¼ �a=ðI!Þ: (2)

Anomalous torque is equal to anomalous angular momen-
tum change divided by time:

�a ¼ dðI!Þ=dt: (3)

Angular momentum change divided by angular momentum
and time gives anomalous angular drift in the transverse
(to rotation axis) direction, while it gives the anomalous
rate of change of the rotation speed in the axial direction.
For the anomalous torque, we use a simple phenomeno-

logical model which assumes linear dependence (with
parameters � and �) in the rotational speed. With this
assumption, the anomalous torque contributions to the
drifts are

rNS
A ¼ �NSfs þ �NS; rWE

A ¼ �WEfs þ �WE: (4)

In this model, the weighted fitting to rNS and rWE as
functions of fs should include the anomalous terms. Two
fitting results are shown in Figs. 1 and 2. From fitting, the
parameters are determined to be

�NS ¼ �0:1142� 0:3235 mas yr�1 Hz�1

¼ ð1:75� 4:96Þ � 10�17;

�NS þ rNS
GR ¼ �6605:8� 23:89 mas yr�1;

(5)

TABLE II. Results of the GP-B experiment.

Gyro

fs
(Hz)

dfs=dt
(�Hz=hr)

rNS
(mas/yr)

rWE

(mas/yr)

G1 79.39 �0:57 �6588:6� 31:7 �41:3� 24:6
G2 �61:82 �0:52 �6707:0� 64:1 �16:1� 29:7
G3 82.09 �1:30 �6610:5� 43:2 �25:0� 12:1
G4 �64,85 �0:28 �6588:7� 33:2 �49:3� 11:4

TABLE I. Test of WEP II regarding trajectory and using bodies with different angular
momentum.

Experiment �ðs=cm2Þ j�j Method

Hayasaka-Takeuchi (1989) [6] ð�9:8� 0:9Þ � 10�9

for spin up, �0:5� 10�9

for spin-down

Up to 6:8� 10�5 Weighing

Faller et al. (1990) [7] �4:9� 10�10 <9� 10�7 Weighing

Quinn-Picard (1990) [8] j�j � 1:3� 10�10 <2� 10�7 Weighing

Nitschke-Wilmarth (1990) [9] j�j � 1:3� 10�10 <5� 10�7 Weighing

Imanishi et al. (1991) [10] j�j � 5:8� 10�10 <2:5� 10�6 Weighing

Luo et al. (2002) [11] j�j � 3:3� 10�10 � 2� 10�6 Free-fall

Zhou et al. (2002) [12] j�j � 2:7� 10�11 � 1:6� 10�7 Free-fall

Everitt et al. (2011) [13] j�j � 6:6� 10�15 � 1� 10�11 Free-falll
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FIG. 1 (color online). Fitting rNS to rNS ¼ rNS
A þ rNS

GR ¼
�NSfs þ �NS þ rNS

GR.
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�WE ¼ �0:1172� 0:0872 mas yr�1 Hz�1

¼ ð1:80� 1:34Þ � 10�17;

�WE þ rWE
GR ¼ �37:61� 6:402 mas yr�1:

(6)

From the data fitting, it is not possible to separate �WE

with respect to rWE
GR, and �NS with respect to rNS

GR. If we

treat the GP-B experiment as a WEP II experiment, we can
subtract the predicted values of general relativity and
obtain the WEP II parameter values and constraints. This
could be more or less justified, since the general relativistic
predictions on LAGEOS were verified to 10%–30% inde-
pendently [23,24]. These results are tabulated in the second
and third rows of Table III where we list the constraints on
� in all three directions. The 1.34 � effect of �WE from
zero is normal (does not mean a violation) in probability
distribution when one has several parameters.

The constraints in the fourth row are obtained as follows.
The spin-down rates of four GP-B gyros are accounted
for fairly well by standard physics modeling. The
unaccounted-for part should not be more than 30% of the
dissipation either way [20]. Therefore the room for anoma-
lous effects should not be more than 30%. From Table II,
30% of the spin-down rates for G1, G2, G3, and G4 are
5:98� 10�13 s�1, 7:01� 10�13 s�1, 13:20� 10�13 s�1

and 3:60� 10�13 s�1. �guidestar should be constrained by

all of this. Hence, we list the smallest value in Table III. For
the frequency-dependence parameter �, after all possible

combinations are considered, a conservative constraint is
listed: within the range of �80 Hz, the variations are less
than 20� 10�13 s�1; a conservative estimate would be
<3� 10�14.
Discussions.—(i) The GP-B experiment, with its superb

accuracy verifies WEP II for unpolarized bodies to an
ultimate precision—a four-order improvement on the non-
influence of rotation on the trajectory, and ultraprecision
on the rotational equivalence (no anomalous torques).
(ii) Polarized bodies have net quantum spin polarizations
or net electromagnetic-energy (gluon-energy) polariza-
tions. For polarized bodies, the mechanical equivalence
of quantum spin and orbital angular momentum is demon-
strated to a certain degree [25,26]. However, there are
examples of Lagrange-based theoretical examples of po-
larized bodies which violate WEP II [5]. These theoretical
models may indicate cosmic polarization rotations which
are being looked for and tested in the CMB experiments
[27]. To look into the future, measurement of the gyrogra-
vitational ratio of particle would be a further step [26]
towards probing the microscopic origin of gravity. GP-B
serves as a starting point for the measurement of the
gyrogravitational factor of particles.
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