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We find it appropriate to start by answering Q2 be-
cause in so doing we can eliminate a quite common mis-
understanding on the rotation of GG and help the rest
of the discussion.

II. Since no explicit mention is made of the elasto-
dynamic constitutive properties of either cylinder they
appear to be treated as perfectly rigid.

Q2. What is the possibility that a small time
dependent axial, lateral or torsional deformation
of the cylinders (e.g. transmitted by bearings re-
actions to tidal forces or torques) could induce
a differential motion between the cylinders that
could mimic a signal arising from any differential
couplings of terrestrial gravity to them?

A2. The question Q2 hints at possible disturbing ef-
fects on the test masses due to the bearings.

Sec. 1.4 of the GG proposal is devoted to how cru-
cial is to perform the GG experiment in space (Sec. 1.4
The role of space in testing UFF/WEP: is it crucial or
is it an option? pp. 14-15 ). On p. 15 it reads “Finally,
being isolated in space the whole spacecraft can spin (as
torsion balances do) needing no motor and no bearings
(passive one axis stabilization), simply by angular mo-
mentum conservation.”

While on the ground any rotating object has a rotating
and a non-rotating part (rotor and stator), and therefore
needs bearings between the two (GGG has ceramic ball
bearings; see answer A7 below for bearings noise), the
1 Hz rotation of GG is provided at the start of the mis-
sion and needs neither motor nor bearings. The entire
spacecraft, made of the outer shell, the PGB intermedi-
ate stage and the test cylinders, all arranged as a Rus-
sian doll, is co-rotating. It is similar to the diurnal ro-
tation of the Earth and its atmosphere, which obviously
has neither motor nor bearings. At ESTEC, (52◦ lati-
tude) the linear velocity relative to inertial space is about
1000 km/hr. On the outer surface of GG it is 11 km/hr.

In GG, should a small differential rotation arise be-
tween the outer shell and the PGB (because of tempera-
ture effects), it will be detected by a simple optical sys-
tem and corrected by cold gas thrusters; the issue was
studied in great detail for an equatorial orbit, in which
case the effect is relevant because of large temperature
effects at the orbital frequency induced by the satellite
being about half of its orbital period in sunlight and half
in the Earth’s shadow (see [1], Sec. 2.1.2).

In principle tidal effects from the Earth on each test
cylinder may cause deformations. It is known that ce-
lestial bodies can be torn apart by tidal forces, but we
can show that this effect is totally negligible in GG. For
the larger test mass (Be; 10 kg, 10.5 cm internal radius,
13 cm external radius, 28.6 cm height) the tidal differen-
tial acceleration from Earth in the sensitive plane (per-
pendicular to the spin/symmetry axis) is:

∆aTide⊕ '
3GM⊕

d3
orb

∆ ' 3.5 · 10−6 · 0.25 ' 8.7 · 10−7 m/s2

(1)
at an orbiting distance dorb ' 7 · 106 m and for a max-
imum separation distance ∆'25 cm between two half-
cylinders of 5 kg each. The corresponding differential
force is ' 5 · 8.7 · 10−7 ' 4.3 · 10−6 N exerting a pres-
sure ' 4.3 · 10−6/(0.025 · 0.28 · 2) ' 3 · 10−4 Pa. This
pressure must be compared with the Young’s modulus,
which measure the stiffness of the material, and for Be
is a few hundreds of GPa, about 15 orders of magnitude
larger. The Young’s modulus of Ti is a few times smaller,
but the Ti cylinder is smaller in size, hence the result is
about the same.

Even in the event of using test masses made of
Polyethylene and Lead (for the reasons reported in the
Executive Summary) possible deformations due to Earth
tides would be negligible by orders of magnitude.

Q3. Furthermore it is known that in some cir-
cumstances whirling motions can become chaotic.
Could such motions in the experiment be initi-
ated and how would they then be eliminated in
space? Please provide details of how such motions
are modelled in the simulator.

A3. The assumption that GG has rotor, stator and
bearings like ground-based rotors may have led to worry
that its motion may become chaotic. For such rotors
the literature on rotordynamics reports cases of chaotic
motion: Chaotic Behavior of Rotor/Stator Systems With
Rubs [2], Instability of Unbalance Excited Synchronous
Forward Whirl at Rotor-Stator-Contact [3], Chaotic mo-
tions of a rigid rotor in short journal bearings [4]. GG
has nothing to do with them. In addition, it has very
small internal damping (contrary to supercritical rotors
of practical use).

The basic equations of motion for a 2D mechanical
oscillator in supercritical rotation and very low internal
damping have been published in compact form in a Let-
ter to Physical Review [5]. While the equations of the
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complete system used in the GG simulator are given, as
requested, in response to Q4 (see Appendix on the GG
simulator), it is worth to report here their main features
as outlined in [5].

In essence, the GG concentric test cylinders form a 2D
harmonic oscillator as shown in Fig. 1
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FIG. 1: Sketch of the 2D rotating oscillator. The proof masses
are concentric and rotate –together with the springs– at an-
gular velocity ωspin. They are assumed for the moment as
perfectly centered on the rotation axis. The springs are mod-
eled as ideal springs of elastic constant k and zero length at
rest; to each spring is associated a co-rotating thermal noise
force generator Fth and an ideal noiseless damper γ. x, y is
the inertial frame; a, b is the rotating one.

Let us now write and solve the equations of motion of
the 2D rotating oscillator around the equilibrium position
in the presence of a l force, like the signal, of very low
frequency. Once the system has been reduced to a single
body of reduced mass µ = m/2 and natural frequency

ωn =
√
k/(m/2) the equations of motion in the inertial

frame read:

µ~̈r + γωspin(~̇r − ~ωspin × ~r) + k~r = ~F (2)

γωspin is the small internal damping γ(ω) ' kφ(ω)
ω of the

oscillator with elastic constant k and loss angle φ rotat-

ing at ωspin; ~F is the signal force whose frequency is so
small compared to both ωspin and ωn that we assume a
constant force for simplicity. In the assumptions made
(ωspin � ωn and very small internal losses) the solution
of the homogeneous part of (2) is:

~rw(t) ' A0e
φωspin

ωnt/2

(
cos(ωnt+ ϕA)
sin(ωnt+ ϕA)

)
+

+B0e
−φωspin

ωnt/2

(
cos(−ωnt+ ϕB)
sin(−ωnt+ ϕB)

) (3)

(with amplitudes and phases determined by initial con-
ditions), showing that in the inertial reference frame the
oscillator performs a combination of a forward and a
backward orbital motion –known as whirl motion– at the
(slow) natural frequency ωn, and the radii of such orbits
are exponentially decaying in the case of the backward

whirl and exponentially growing in the case of the for-
ward one. We have written the exponential behavior in
terms of the small loss angle:

φωspin
'
γωspinωspin

µω2
n

=
γωspinωspin

k
(4)

The forward whirl is then a very weak instability. Ev-
ery natural/whirl period the radius of the forward whirl
grows by the fraction πφωspin

, hence the tangential force
which produces the growth is –in modulus– φωspin

kr,
which is a very small fraction of the elastic force, re-
quiring a correspondingly small force to stabilize it. Its
frequency is the natural one and does not interfere with
the signal (see [6], [8]).

In the presence of an external constant force ~F , the
equations of motion (2) show that (in the inertial frame)
the body is displaced to the position:

~rF (t) =
1

1 +
γ2
ωspin

ω2
spin

k2

·

(
~Fe
k
−
γωspin

k2
~ωspin × ~F

)
'

~F

k
− φωspin

~ωspin
ωspin

×
~F

k

(5)

As we can see, the applied force ~F gives rise to a dis-

placement ~F/k (i.e. the displacement is inversely pro-
portional to the natural frequency squared) and unaf-
fected by rotation, with an additional effect in the or-
thogonal direction due to rotation which is negligible
because of the very small loss angle φωspin

. In the ro-
tating frame of the oscillator this constant displacement
observed in the inertial one appears at the rotation fre-
quency ωspin � ωn, yet it is apparent that no attenua-
tion occurs. Instead, it is well known that for an oscilla-
tor with 1 degree of freedom, the displacement due to a
force at frequency ωspin � ωn drops off as (ωn/ωspin)2.
Note that the signal-to-thermal noise ratio is the same in
the two cases, since the displacement due to the signal
and that due to the thermal noise force are either both
unchanged (by the 2D oscillator) or both attenuated (by
the 1D oscillator). When dealing with extremely weak
effects a signal whose strength is not attenuated by rota-
tion has the advantage to loosen the requirements on the
performance of the read out, as long as rapid rotation
takes care of up-converting the signal to a frequency at
which thermal noise is much lower.

The general solution of the 2D rotating oscillator
in the inertial frame is:

~r(t) ' −~ε(ωspint)
(

ωn
ωspin

)2

+
~F

k
− φωspin

~ωspin
ωspin

×
~F

k
+

+A0e
φωspin

ωnt/2

(
cos(ωnt+ ϕA)
sin(ωnt+ ϕA)

)
+

+B0e
−φωsωnt/2

(
cos(−ωnt+ ϕB)
sin(−ωnt+ ϕB)

)
(6)
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which is helpful to comment as follows. Assume zero
losses and no external force: only the first term is not
zero and the solution is the auto-centered position ro-

tating at frequency ωspin; if the force signal ~F is added

–still with zero losses– the term ~F/k is not zero and the
oscillator is displaced by this vector with auto-centering
holding as before; finally, if small losses occur –after the
backward whirl has died out, and neglecting the small ef-
fect ∝ φωspin

– the forward whirl slowly grows around the
displaced position at frequency ωn. By controlling this
weak instability, rotation (and signal modulation) at a
frequency much higher than the natural one are achieved
with thermal noise is much lower and the signal is not
attenuated (see [5]).

There is no question that having 2 degrees of freedom
–as sketched in Fig. 1– instead of being constrained in 1
direction (while rotating perpendicular to it), is the key
dynamical feature of the oscillator which makes fast ro-
tation physically possible, thus ensuring up-conversion of
the signal to much higher frequency where the competing
thermal noise due to internal losses is much smaller.

Indeed, this is the key feature of GG, by which it can
aim at 10−17-10−18 like STEP while being small and at
room temperature like Microscope.

It is worth recalling that the whirl motion issue has
been the subject of many discussions, well documented
in the literature.

In 1997 it was the subject of a discussion which in-
volved S. H. Crandall, a highly reputed MIT expert in
rotordynamics, who strongly supported the point of view
of the GG group (see [7–9]). Since then, in GGG, whirl
motions have been routinely stabilized by tiny forces fully
in accord with those early estimations. An experimental
result which confirms an important theoretical predic-
tion on whirl damping has been obtained recently (not
yet published) and it is reported below in response to Q7.
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I. The breakdown of the WEP is sought in the frame-
work of the response of test matter to terrestrial New-
tonian gravitation. The source of terrestrial Newtonian
gravitation is independent of the earth’s (non-uniform)
rotation while in general relativity the gravitational filed
of a rotating source depends on its angular momentum.
Furthermore, the test cylinders in the proposed experi-
ment are rotating and the motion of extended spinning
test matter in an esternal gravitational filed may depend
on its rotation rate

Q1. Based on general relativity what are the
expected effects of the earth’s rotation and cylin-
der rotation on the motion of each spinning cylin-
der and their relevance to the interpretation of
any non-null signal?

A1. In General Relativity (GR) the effect of the rota-
tion of a primary mass (the Earth in our case) is man-
ifested in its gravitomagnetic field. Outside the mass,
in the simplified assumption that the Earth is rigid, ax-
ially symmetric in space and its angular velocity is con-
stant, the gravitomagnetic field has a dipolar structure
which is directly related to the Earth’s angular momen-
tum J⊕. This is intrinsic gravitomagnetism produced
by mass-currents and it generates additional space-time
curvature [10]. From the point of view of the space-time
metric gµν such effects are described by the off-diagonal
components of the Kerr metric [11]:

ds2 =

(
1− 2GM⊕

rc2

)
c2dt2 −

(
1 +

2GM⊕

rc2

)
dr2 − r2dθ2

− r2 sin2 θdϕ2 +
4GJ⊕
rc2

sin2 θdϕdt,

(7)

which is an exact solution of Einstein’s field equations.
In the above equation, t is the coordinate time, r is the
radial coordinate, θ and ϕ are the spherical coordinates.

The Kerr metric as written above is valid in the weak-
field and slow motion (WFSM) limit of GR, i.e. GM⊕

rc2 �
1 and J⊕

M⊕rc
� 1. It describes the metric generated by a

central body (the primary) with mass M⊕ and angular
momentum (intrinsic spin) J⊕.

The effect of the gravitational field on a freely falling
gyroscope (e.g a spinning hollow cylinder as in GG) is a
precession of its axis. The effect is due to both the New-
tonian part of the field –leading to the geodetic precession
around a direction perpendicular to the orbit plane– and
to the gravitomagnetic part –producing a frame dragging
that manifests itself as a precession around the lines of
force of the terrestrial gravitomagnetic dipole.

Therefore, as a consequence of the Earth’s rotation
there is an effect (known as frame dragging) in addition
to the effect which is present in the case of a static back-
ground –as that described by Schwarzschild metric– i.e.
the geodetic precession While the latter does not depend
on the angular momentum of the Earth, neither on that

of the cylinder, the precession due to frame dragging is
proportional to the angular momentum J⊕ of the Earth.

It is worth mentioning that while the gravitomagnetic
precession can be considered as a spin-spin interaction,
the geodetic precession may be considered as a spin-orbit
interaction (see [12]):

Their mathematical expressions are:

Ωgeo⊕ =
3

2

GM⊕

c2r3
r× v, (8)

for the Earth’s geodetic precession (r and v are the is-
tantaneous position and velocity of the gyroscope with
respect to the Earth), and

Ωgrav =
G

c2r3

(
3r̂(r̂ · J⊕)− J⊕

)
, (9)

for the Earth’s gravitomagnetic precession.
For an Earth orbiting gyroscope (8) and (9) are the

most relevant precessions. There is also an additional
one, due to the motion of the Earth in the static-field of
the Sun, which reads:

Ωgeo� =
3

2

GM�

c2R3
R×V, (10)

where R and V are the position and velocity of the Earth
with respect to the Sun. It is mathematically identical to
the terrestrial precession, but it is obviously the same for
all gyroscopes regardless of their orbit around the Earth.
Precession occurs around the normal to the ecliptic plane.

It may be helpful to recall that the geodetic precession
is also known as de Sitter precession [13]. The gravito-
magnetic precession of a gyroscope is also known as the
Schiff frame-dragging effect [14], similar (but not identi-
cal) to the frame-dragging effect of the orbital plane, also
known as Lense-Thirring effect [15].

These precessions do not affect the center of mass of
the gyroscopes because within GR they must obey WEP
(a rotating and a non rotating body must fall with the
same acceleration in any external gravitational field).

For the numerical values of the three precessions we
obtain:

Ωgeo⊕ ∼
c

r

(
GM⊕

c2r

) 3
2

∼ 10−12 rad/s, (11)

Ωgrav ∼
GJ⊕
c2r3

∼ 10−14 rad/s, (12)

Ωgeo� ∼
c

R

(
GM�

c2R

) 3
2

∼ 10−15 rad/s. (13)

The rule of thumb estimates assume r ' 7000 km for the
orbital radius of GG.

The geodetic and frame dragging precessions have been
measured by the (almost perfect) gyroscopes of GPB [16]
for a polar, almost circular (e <' 0.0014) orbit at 642 km
altitude. Their values are 6.6 as/yr and 39 mas/y respec-
tively. The orbit of GG is similar to that of GPB (98◦
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inclination, 630 km orbit, small eccentrcity) and we can
therefore use the same values. Indeed, if we integrate
over a year the values estimated in (11) and (12), we
obtain values very close to those measured by GPB.

Any differential precession must involve an offset ε be-
tween the centres of mass of the test cylinders and is
therefore reduced by the factor ε/r, which in GG is ex-
tremely small.

The solar geodetic precession amounts to about
19 mas/yr (and is the same for all gyroscopes).

Let us know consider the differential linear accelera-
tions. In GR, the angular momentum of the Earth af-
fects the free fall of a non-spinning test mass through
the geodetic equations:

d2xα

dτ2
+ Γαβγ

dxβ

dτ

dxγ

dτ
= 0, (14)

where Γαβγ are the Christoffel symbols and τ the proper
time measured by a hypothetical clock comoving with the
gyroscope, i.e. our test “particle”.

In the case of the geodetic precession, which is respon-
sible for the largest variation in the direction of the axis
of rotation of the GG test cylinders, for the radial “grav-
itational acceleration” we obtain:

ar =
d2r

dτ2
= −Γr00

(
dt

dτ

)2

− 2Γr0i
dt

dτ

dxi

dτ
− Γrij

dxi

dτ

dxj

dτ
.

(15)
The lowest order expression (in J⊕/r

2) of the Christoffel
Γr0φ is:

Γr0φ ' −G
J⊕
c2r2

sin2 θ. (16)

Consequently the correction to the radial acceleration
(again assuming a Keplerian orbit) is (see also Ref. [17]):

argeo⊕ ∼
GJ⊕
c2r3

v, (17)

and for its numerical value we obtain:

argeo⊕ ∼ 9.5 · 10−11 m/s
2
. (18)

For the corresponding fractional differential acceleration
we obtain:

∆a

g(h)
' 3

ε

r

argeo⊕

g(h)
≈ 5 · 10−18ε, (19)

where g(h) '8.1 m/s2 is the Earth’s driving acceleration
at the spacecraft altitude h.

By construction, the offset between the GG test masses
is required to be 10 µm. After self-centering in supercriti-
cal rotation the largest remaining separation between the
test masses is due to whirl motion (at the natural differ-
ential period of 540 s) and is required not to exceed 10−9

m (see GG proposal, Sec. 2.2.3 Driver #3: Centers of
mass centering, Table 6, p. 20).

This gives:

∆a

g(h)
≈ 5 · 10−27, (20)

which is almost 10 orders of magnitude smaller than the
GG baseline target.

Terms quadratic in the velocities are even smaller. The
spin-spin attractive-repulsive interaction is higher order,
then negligible. Any differential effect is multiplied by
ε/r ∼ 10−16, hence totally negligible.

In conclusion, all the analyzed effects are negligible and
need not to be taken into account in GG.
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III. The error budget in section 3.3 is critical for the
expected accuracy claimed for the experiment. The fig-
ures appear to be based on GGG tests and an end-to-end
simulator. In particular the proposal refers to a “WEP
Inertial Frame” that does not spin. However, it is diffi-
cult to ascertain from section 3.2.1 precise details of the
modelling assumption behind many of the simulation re-
sults

Q4. Please provide more information on these
details and explain how the results in columns
2 and 4 in Table 12 and those in Table 8 are
obtained? In particular provide the differential
equations for the model used to ascertain the
motion of each (spinning) cylinder in the earth’s
gravitational field?

A4. The page limit on M4 proposals has not allowed
us to include much details on the error budget and the
simulator, which have been the subject of intensive work
over many years and in particular during the 2008-2009
industrial study by Thales Alenia Space Italy (funded by
the Italian Space Agency). which resulted in more than
30 documents [18]. A summary report on the GG simu-
lator, the equations of motion and the results is attached
in an Appendix at the end of this document.

Here we provide answers on the “WEP Inertial Frame”,
on Table 12 and on Table 8.

The sought for violation signal is a differential displace-
ment vector between the centres mass of the test cylin-
ders (which form the GG accelerometer) pointing to the
center of mass of the Earth as the GG satellite orbits
around it (see Fig. 1 of the GG Proposal), hence it is at
the orbital frequency νorb ' 1.7 · 10−4 Hz.

The natural frequency of oscillation of the test cylin-
ders in differential mode (540 s natural differential pe-
riod) translates the differential displacement into a dif-
ferential acceleration. If a differential acceleration is mea-
sured, with the known signature of a violation signal and
different from all known systematics, its ratio to the ac-
celeration from Earth (g(h) ' 8.1 m/s2 at the orbiting
altitude h ' 630 km) yields the Eötvös parameter η; the
goal of GG as baseline mission being η = 10−17.

In the sensitive plane of the accelerometer (perpendic-
ular to the spin/symmetry axis of the test cylinders) the
signal is up-converted from the orbital to the spin fre-
quency, a fact which has well known advantages. Given
that all original data taken in the spinning frame are
available, it is convenient to demodulate back to a non-
spinning frame in which the signal is at the orbital fre-
quency and disturbances whose frequency is, say, twice or
three times the orbital frequency appear well separated
from it (while in the spinning frame they are all very close
to νspin = 1 Hz since they differ from it by about 10−4 Hz
only). This is only a matter of convenience, allowing us
to produce a very compact synoptic plot (as shown in
Fig. 12 of the GG proposal) which is a graphical, effec-
tive way of presenting the error budget (see below the

discussion on Table 12 and Fig. 12).

This is how the “WEP Inertial Frame” comes into play.
It is defined as follows. It is centered on the center of
mass of one test cylinder (TM1). The z axis is aligned
with the spin axis, which has the useful property of be-
ing essentially fixed in inertial space because the high
spin energy of GG (at 1 Hz spin rate) makes it insensi-
tive to external torques. The x axis is aligned with the
X axis of the inertial J2000 reference frame (from the
Earth to the γ point at the date 01/01/2000) and the
y axis completes the system, which does not spin. The
x, y plane, being perpendicular to the spin axis but non
spinning, contains the signal after demodulation, i.e. at
the orbital frequency. Note that the spin frequency is de-
fined relative to the fixed stars, not relative to the Earth
(they differ from one another by the orbital frequency).
An observer in this frame, sitting on TM1, sees the Earth
orbiting around it at frequency νorb (with the appropri-
ate sign); in case of violation he measures a displacement
vector of TM2 from the origin, always pointing to the
Earth, hence also at orbital frequency. It is apparent
that this reference frame is inertial.

In the lab the GGG accelerometer is suspended against
local gravity along the spin/symmetry axis of the cylin-
ders, thus the analog of the x, y plane is the horizontal
plane of the lab.

We can now look at the error budget table of the GG
proposal (Table 12). Columns 2 gives the frequency at
which each listed effect appears in the “WEP Inertial
Frame” defined above. Column 4 gives the value of the
differential acceleration ∆a that each effect produces be-
tween the test cylinders (at the corresponding frequency).

The first entry is the target violation signal of the
GG baseline mission (η=10−17), whose frequency is the
orbital one and whose magnitude is ∆a = g(h)η =
8.1 · 10−17 m/s2. The following entries list perturbations
(systematic errors) whose frequency is either νorb like the
signal or close to it; the closer is the frequency of a per-
turbation to νorb, the most carefully it must be dealt with
in order to separate it from the signal. Systematic errors
can be discriminated from the signal if their specific sig-
nature (different from the known signature of the signal)
is known and a large enough number of measurements is
performed in different dynamical conditions so that such
differences can become apparent. In GG this is possible
thanks to the low thermal noise [5] and consequent short
integration time [19] whereby one full measurement to
the target sensitivity can be performed in one day only.
While the spin axis of GG is fixed in inertial space, its
orbit plane undergoes a nodal regression of about 1◦/d,
thus providing the required change of dynamical condi-
tions which allows the signature of each effect to show
up.

Table 12 and Fig.12 encompass the result of a 90 d mea-
surement cycle, and the GG simulator (see Appendix)
allows us to firmly establish the frequency and size of
the various systematic errors. The most important re-
sult to be stressed concerns the coupling of the Earth’s
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monopole with the (different) quadruple mass moments
of the test cylinders. While in a single measurement cov-
ering many days it is undistinguishable from a violation
signal (it is at νorb and points to the Earth, just like the
signal) it is easy to show (analytically) that in a day by
day evolution this effect has an additional component at
3 νorb. Similarly, tidal effects which in a single measure-
ment have only twice the orbital frequency, in a day by
day evolution have also an effect at 4 times the orbital
frequency. The dynamical evolution of GG in sun syn-
chronous orbit and the ability to make one measurement
per day allow us to firmly discriminate these effects from
the signal.

Note that in Fig.12 all effects (each at its own fre-
quency and with its own color code) are expressed as dif-
ferential displacements of the test cylinders, while in Ta-
ble 12, column 4 we list (for the most relevant effects) the
corresponding differential acceleration (in m/s2). The
two are consistent. They are simply related as ∆r '
∆a
4π2 · P 2

dm with Pdm = 540 s the period of natural oscilla-
tion of the test cylinders in differential mode. For a vio-
lation signal at η = 10−17 and ∆a

WEP
= 8.1 · 10−17 m/s2

we have ∆r
WEP

' ∆a
WEP

4π2 · P 2
dm ' 0.6 · 10−12 m.

FIG. 2: The electromagnetic driver (taken from Fig. 2, p.
17 of the GG proposal) with blocks showing all issues which
need to be taken care of (by meeting specific requirements)
in order to make the corresponding effects not dangerous.

Concerning the question on Table 8, please note that
we use the concept of experiment drivers, of which a
global view is shown in Fig. 2, p. 17. For each ex-
periment driver the corresponding Table in Sec. 2.2 re-
ports, in a very compact form, the key data and the cor-
responding requirements. Data and requirements often

result from a considerable amount of work which could
not possibly be incorporated in the GG proposal, hence
they may not be easy to follow by the reviewer.

Table 8 refers to “Driver # 5: Electromagnetic distur-
bances”. As shown in Fig.2 the electromagnetic “driver”
requires to deal with: µ-metal shielding (to reduce the
Earth’s magnetic field); the residual magnetic moment
and magnetic susceptibility of the test bodies; the elec-
tric patch effect and the residual plasma effect. Table
8 reports the conclusion of our investigation; some de-
tails have been reported in [18], some are the subject of
internal notes.

Reviewers may not be familiar with the effect of resid-
ual plasma, of which we have not been aware until it
was pointed out by F. Pegoraro during the 2009 indus-
trial study. In GG we do not fly a vacuum chamber,
but obtain vacuum for free by venting to outer space.
However, care must be taken when opening a connection
hole between the spacecraft and outer space. Even at low
Earth orbit as in the case of GG some plasma already ex-
ists which gives rise to a current on the satellite surface,
which in turn, because of the Earth’s magnetic field, will
produce a (non gravitational) force on it which in turn
will be felt as an equal and opposite inertial force (in
common mode) by all bodies suspended inside the space-
craft. It has been demonstrated [20] that at typical GG
altitudes such a force –even under extremely conserva-
tive assumptions– is below 1/1000 of the typical residual
air (neutral) drag force, and therefore poses no prob-
lems to the drag free control system of GG. However,
this is correct as long as the outside plasma is not al-
lowed inside the spacecraft. A non gravitational acceler-
ation 1000 times smaller than drag, acting directly on the
PGB and the test masses, would leave a residual differen-
tial effect larger than the signal. This would likely hap-
pen because some plasma might get inside the spacecraft
through the openings mentioned above. A cure for that
has already been found and successfully implemented in
the BeppoSax mission to protect its sensors. It is based
on two appropriate grids for each opening (one neutral
and one charged) so as to keep the plasma out and it has
been adapted to the case of GG [20].

A more widely known issue is that of residual elec-
tric patches, which are expected even for electrically
grounded test masses as in GG (only their time varia-
tions at the low orbital frequency are relevant). In ad-
dition to known mitigations (such as coating), in GG we
significantly reduce this effect by having large gaps be-
tween the test masses (2.5, cm), which is made possibile
by using the laser gauge instead of the capacitance read-
out (300µm in GOCE, 600µmin Microscope, a few mm
in LISA-PF).

In addition, we have devised and tested in GGG a
simple method for measuring the direct mechanical ef-
fect of patches using capacitance plates and exploiting
the simple fact that when the sign of an applied poten-
tial is changed, the sign of the applied charge changes
too, while the sign of the patch charge does not. In this
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way, by applying unipolar and bipolar square wave po-
tential at a given frequency it is possible to produce a
signal which depends on the patch charge in an unam-
biguous way. We have performed the test on GGG (while
spinning) for 10.6 days, in order to measure the low fre-
quency time variations of the patch amplitude (which
would indicate a variation of the patch charge). We used
a small capacitance plate (4 cm2) and had no gold coat-
ing, while smaller patch charges are expected for larger
surfaces with gold coating. Thus, we were in worst case
conditions. At diurnal frequency we measured several
micro Volt. The method can in principle be used also in
the space experiment, though lab tests can rule out the
danger of patches in GG.

Finally, Table 8 reports the effects due to the magnetic
field of the Earth for the case of GG in sun synchronous,
quasi-polar orbit at about 630 km altitude (past publica-
tions report these effects for the case of GG in equatorial
orbit). The largest of such effects (at twice the orbital
frequency) is due to the interaction between the residual
dipole moment of one test mass with the magnetic mo-
ment induced on the other by the Earth’s magnetic field.
It is well below the signal if a µ-metal shield is applied
(on the PGB) to attenuate the Earth’s field by a factor
150. This is not a demanding shielding, and it could be
improved should measurements of the actual test cylin-
ders give values of the residual magnetic moments and
the magnetic susceptibility higher than expected.

Please refer to the Appendix for the GG end-to-end
simulator, the equations of motion and how the error
budget is constructed, in both tabular and graphical
form.
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IV. The laser gauge readout plays a critical role in achiev-
ing the predicted performance. Please clarify the overall
design of the laser gauge device and state clearly how it
will be made fully operational in time for a possible flight
and indicate the role that the gauge plays in the final tar-
get sensitivity.

The laser gauge described in the proposal is based on
standard technologies and fully proven principles. The
peculiarity of the device is in its compactness and in the
layout of the components. Most of the components are
off-the-shelf and only a few custom coatings are needed.
The plan for its realization is based on a phase of de-
sign and optical simulation which will lead to the sizing
of the prototype (in particular the size and the shape of
the masks discussed below). The prototype will be built
and tested in vacuum stimulated with displacement sig-
nals (at the scale of the science signals) in order to test
noise, cross-talk, and thermal stability. We confirm the
statement made in the proposal that in one year we can
bring it to TRL 5.

Q5. In particular:

a) What is the effect of satellite acceleration
on the predicted performance of the laser gauge
measurement system?

The largest non gravitational acceleration acting on
the outer shell of the GG spacecraft is due to residual
air along the orbit at about 630 km altitude, the largest
component being at the orbital frequency (up-converted
to the spin frequency). This component will be reduced
by the drag free control system by a factor 50000 (Ta-
ble 5 of the GG proposal). An inertial acceleration equal
and opposite to it acts on each suspended mass inside the
spacecraft, causing a displacement of its equilibrium posi-
tion. The PGB on which are located the beam launchers
of the laser gauge is displaced (with the test cylinders
inside it) by 13 nm (using data of Table 5 and Table 6 in
the proposal), while the test cylinders are displaced (in
common mode) relative to it and in the same direction
by 1 nm. As a result, the relative displacement between
the PGB and the test cylinders amounts to 12 nm.

Such a common mode displacement of the test cylin-
ders relative to the beam launchers is not a problem for
the differential measurement to be performed.

b) Do the cited laser gauge demonstrations in-
clude the masking technique that would be used
on GG?

The laser gauge realised by M. Shao for the SIM mis-
sion [21] has been implemented using exactly the same
masking technique, as shown in Fig. 3. The noise level
achieved is reported in Fig. 4. An arrangement of masks
and mirrors suitable for GG has been studied.

c) There is no discussion of cross-talk between

FIG. 3: Schematic of the interferometer used as a demonstra-
tor of the spatial separation principle. The interferometer was
developed for the SIM mission

FIG. 4: Noise level of the SIM laser gauge outlined in the
previous figure.

the two masked beams. How precisely does the
wavefront need to be divided given that diffrac-
tion effects would cause cross-coupling between
the two readouts?

Diffraction caused by apertures and stops will cause
cross-talk, hence nonlinearities. In fact this effect has
been calculated for different set-ups and different scales,
and can be reduced to the desired level.

Other possible causes of cross-talk could be present,
such as spurious reflection on the surfaces of the corner
cube retroreflectors and of the beam splitters. For this
reason experimental results are usually worse than theo-
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retical ones and the only reliable validation method is by
experiment. In Fig. 5 owe show how diffraction can cause
cross.talk.

In the SIM gauge non linearities at 10 pm level have
been demonstrated. In GG smaller optics will be used
and a larger diffraction effect is expected. The one year
development mentioned in the proposal includes the eval-
uation of this effect and its minimization.

FIG. 5: Diffraction and cross-talk. a) Schematics of the laser
gauge head. b) Same schematics with unfolded optical path
for the sake of clarity. Mirrors M1 and M2 represent the reflec-
tors mounted on the two masses. c) The effect of diffraction
on the apertures causes some of the light reflected by M2 to
mix with the light coming from M1 causing distortion. d)
The complementary effect causing similar results.

The diffraction effect will be measured with a smaller
set-up based on a compact assembly of beam splitters
with 15 mm side and collimators with 15 mm diameter.
If necessary, the effect will be minimized by using mod-
ulated reflectance masks in order to reduce diffraction
and by shadowing part of the beams right in front of the
collimators.

Finally, we point out that a nonlinearity level as low
as 10 pm is not necessary for the GG laser gauge. In fact,
since the differential displacement of the masses close to
the measurement frequency is within 1 nm (see item e)

below), which is less than 1/100 of the half period of
the non-linearity, the residual error is less than 0.1 pm.
Which means that in this specific application we have a
safety margin of almost one order of magnitude.

d) Please describe the laser power requirements
and the level to which power fluctuations can be
tolerated to prevent the introduction of cylinder
tilting.

The above noise represents a few microW of detected
laser power. The detector noise is < 1pW/

√
Hz, hence

a laser power of 1µW gives a SNR of 106, hence 10−6 λ
in 1 s, namely 1 pm in 1 s. The force due to radiation
pressure is negligible (a few fN). Furthermore, though
Nd:YAG lasers are already very stable, they can be power
stabilized to minimize possible spurious effect that could
affect the phase measurement.

e) How sensitive is the interferometer to beam
alignment jitter induced by temperature fluctua-
tions and relative motions of the two cylinders?

We have tried to model the effect of temperature
changes on pointing stability. Based on our experience
in building highly stable interferometric assemblies we
have estimated a maximum drift at the measurement fre-
quency of 1µrad. The misalignment has two main effects:
the first is a direct change of the optical path and the sec-
ond is a change in the coupling efficiency in the detector
fibers. The first one can be simply modelled as a classic
cosine error and can be estimated as low as 0.02 pm at
1 Hz. The second effect implies a small change in inten-
sity on the detector, which in turn could have a second
order effect on the phase measurement. That is difficult
to model and, although we expect it to be negligible, we
will evaluate it during the development of the laser gauge.

As shown in Table 6 of the GG proposal, the re-
quirement on the maximum relative displacement of
the test cylinders is 1 nm, due to whirl motion at the
natural differential frequency of 1

540 s = 1.85 · 10−3 Hz
which in the rotating frame is up-converted close to the
spin/measurement frequency by this amount.
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V. The executive summary states “... confirmation would
strongly constrain physical theories.”

Q6. Could you give explicit examples of theo-
ries that would be constrained by a null result?

Following the statement “... confirmation would
strongly constrain physical theories”, the Executive Sum-
mary provided no references, neither they were given
in Sec. 1.2 devoted to “The science case”. This was
a choice, since many theories predict a violation of the
Weak Equivalence Principle and the Universality of Free
fall (WEP/UFF) but there are no firm predictions as to
the level at which a violation should occur, and if a pre-
diction is made, it often depend on a number of poorly
known parameters.

The key argument, in our view, is that once the test is
improved by 4 (hopefully 5) orders of magnitude beyond
the current limit, and WEP still holds, then any theory
will have to come to terms with this fact. More impor-
tantly, if WEP is not violated at such deep levels, maybe
“it is the truth” and one should think at something com-
pletely new. After the Michelson and Morley null result,
people had to come to terms with the fact that the ether
did not exist, and moved along a new root.

Nonetheless, we are obviously very interested in all the-
ories that predict WEP/UFF violation.

Modifications to General Relativity (GR) are strongly
motivated by the desire to make it compatible with quan-
tum theory (Quantum Gravity) and with the observed
and as yet satisfactorily unexplained astrophysical and
cosmological features like flat rotation curves of galac-
tic components (“dark matter” within GR and standard
gravity), late acceleration of the expansion of the universe
(“dark energy” or cosmological constant within standard
GR).

Essentially all suggested modifications, especially
those motivated by the most widely studied candidate
quantum gravity theory –string theories– predict new
fields (like dilaton, modulii) with coupling matter that
depends on composition and hence violate WEP/UFF
and universality of free fall (UFF) [22, 23]. This gen-
eral expectation is expressed by Damour as “We empha-
size the unsatisfactory fact that the EP maintains the
absolute character of the coupling constants of physics,
while general relativity and its generalizations (Kaluza–
Klein,..., string theory) suggest that all absolute struc-
tures should be replaced by dynamical entities.” Specific
examples for several theories that will be constrained by
a null UFF result are reviewed in [23].

Though not known with certainty, but estimates of
such equivalence principle violations range from 10−13

to 10−18 (see e.g. [23, 24].)
Therefore, a null result at the level of 10−17, and only

at this level, will eliminate a major and highly significant
portion of the parameter space available. This should be
seen in the context that almost no other experimental
clue is available to constrain string theory phenomenol-

ogy today and WEP violation is a generic and nature
feature in such theories.

Fig. 1 in [25] is indicative of a general scenario, where
the relative differential acceleration is plotted against pa-
rameters of a string-inspired phenomenological theory.
(The actual details also depend on the range of the in-
teraction of new hypothetical fields and GG and other
space experiments probe long range fields of scale size
larger than the earth radius.)

Searches for Lorentz and CPT violation are a com-
plementary approach to searching for clues regarding
physics at the Planck scale. The gravitational Standard-
Model Extension (SME) provides a general theoretical
framework for such searches. Certain types of Lorentz
violation in the SME are observable only in gravitational
experiments [26], and space-based WEP tests such as GG
are the most sensitive proposed experiments for probing
these effects [27]. Moreover, such signals involve a char-
acteristic time dependence making them distinguishable
from other sources of WEP violation. The GG experi-
ment would extend the maximum experimental sensitiv-
ity to this class of Lorentz-violating effects by at least
4 orders of magnitude and sensitivity to certain poorly
constrained possibilities could be extended by up to 11
orders of magnitude. Hence a null result would signifi-
cantly constrain the parameter space. While the SME is
a general test framework, it contains many specific mod-
els that would be constrained by the GG experiment.
These include the following. (1) Isotropic WEP Mod-
els, in which a special frame exists where effective WEP
violation is the only leading order evidence of Lorentz vi-
olation. (2) Isotropic Invisible Models, in which the can-
celing of a CPT even coefficient against a CPT odd coef-
ficient makes WEP violation invisible in a special frame,
but observable in others. (3) Spacial Models, in which
anisotropic WEP violation arises in all frames.

There are other scenarios that the null result will con-
strain effectively. One important set is theories that pre-
dict or accommodate time and space varying fundamen-
tal constants, especially the coupling constants for vari-
ous fundamental interactions [28]. This affects the energy
content of the mass elements used in the WEP experi-
ment and leads to a violation of UFF [23]. While di-
rect limits from atomic physics experiments are stringent,
they are mostly limited to the fine structure constant,
whereas a WEP experiment like GG is sensitive to all
couplings. Hence, it is also sensitive to theories that ex-
plore the gravity sector of standard model extensions and
Lorentz violations [26], albeit indirectly. Again, there are
no firm predictions and theories will be constrained by
GG a few orders of magnitude better than any previous
WEP experiment.

The scenario of ‘Chameleon’ scalar field (“where a
scalar field acquires a mass which depends on the lo-
cal matter density: the field is massive on Earth, where
the density is high, but is essentially free in the solar sys-
tem”), introduced in the context of accelerated expansion
of the universe, also has a natural violation of the WEP
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and UFF, η ∼ 10−11β2 − 10−19β2, where β is the pa-
rameter of the theory in its effective potential, of order
unity and matter dependent [29]. (We note in passing
that this theory also predicts a different value for G in
solar system, compared to the lab measurements). Ter-
restrial tests are not effective in constraining because of a
built in shielding mechanism and space experiments are
essential. GG is the most effective experiment in design
and validation that can constrain this scenario today.

Another important reason to improve tests of WEP is
because it is fundamental for tests of the Strong equiv-
alence principle (SEP), where UFF is tested for self-
gravitating bodies. Very few alternative theories of Grav-
ity predict SEP, general relativity being one of them.
Current experimental constraints on SEP violation de-
rived from limits on the Nordtvedt parameter from Lunar
Laser Ranging (LLR) are already limited by the lack of
precision of the WEP limits [30]. Despite the difficulties
of LLR tests [31] strong efforts are ongoing in order to
improve them and they will need better WEP tests than
the current ones.

Surprisingly enough, there is also a rigorous predic-
tion of WEP violation at the 10−17, due to the work of
Fischbach and collaborators [32]. They managed to cal-
culate the contribution to the energy of a nucleus due to
neutrino-antineutrino interaction, showing that a WEP
test to 10−17 would constrain the coupling of gravity to
neutrinos and to higher-order weak interactions.



13

VI. About the ground -based GGG experiment The ex-
ecutive summary states “... confirmation would strongly
contain physical theories.”

Q7. What progress has been made regarding
the sensitivity of this experiment since the 2012
publication?

As a prototype of the GG experiment in space, the
GGG laboratory prototype aims at achieving the best
possible sensitivity to differential acceleration between
the test cylinders at the frequency νorb ' 1.7 · 10−4 Hz,
which is the orbital frequency of GG and also the fre-
quency of the target violation signal.

In 2012 GGG measured ∆aGGG2012 ' 7 · 10−11 m/s2

(see Ref. [33], Fig. 7).
In the GG M4 proposal Sec. 3.4 and Table 13 we

reported having reached in 2014 ∆aGGG2014 ' 4.76 ·
10−12 m/s2, with an improvement by a factor 15.7.

The result had been presented at the Microscope Col-
loquium III in Paris, November 2014 ([34], Data analysis
of equivalence principle test in space. Advantage of mea-
surements in 2D and sensitivity of the laboratory proto-
type) but was still unpublished. The page limit did not
allow us to provide the necessary documentation in the
proposal.

In addition to this result, in 2014 the GGG experiment
allowed us to prove, for the first time, a very important
theoretical prediction of rotordynamics concerning whirl
damping that is worth reporting here because of its rel-
evance.

An important consequence of the fact that the GG test
cylinders are coupled in 2D and spin around the symme-
try axis is that a similar rotating differential accelerome-
ter can be realised at 1-g by using the vertical direction to
suspend the cylinders against local gravity, by coupling
them in the horizontal plane and by using a motor with
bearings to spin.

The main role of the GGG lab prototype (full scale
and with two degrees of freedom like the accelerometer
to fly in GG) is to establish the sensitivity to differen-
tial accelerations that it can achieve at the frequency
νorb ' 1.7 · 10−4 Hz. It must be taken into account that:
a) the test cylinders on ground (10 kg each as in GG) can-
not be coupled as weakly as in absence of weight, which
means a sensitivity scaling as the ratio of the respective
differential periods squared (the relative displacement of
the test masses produced by a differential acceleration is
inversely proportional to their natural differential period
squared); b) rotation noise (due to the motor and bear-
ings) must be expected on ground though absent in space,
and a weak rotating 2D joint has been implemented in
order to reduce low frequency terrain tilt noise in the lab
(also absent in space).

The GGG capacitance bridges provide the relative dis-
placements of the test cylinders along the two orthogonal
rotating directions of the sensitive plane a, b (as sketched
in Fig. 1). After the 2012 publication [33] an improved

version of the rotating readout electronics has been im-
plemented and a new set of matched ball bearings has
been mounted. In addition, a new data analysis strategy
has been developed, based on complex Fourier analysis,
which exploits in full the availability of output data along
both axes of the sensitive plane (with the same level of
electronic noise) and has considerable advantages [34].

The main idea is that output data in 2D make it pos-
sible to exploit the knowledge of the sign of spin in order
to separate various error sources, in particular rotation
noise (due to bearings and motor), which we know for
sure that are absent in GG. This turns out to be much
more advantageous than using the two channels to simply
double the amount of output data.

In essence, the reasoning is as follows. Let us consider
the rotating plane of sensitivity of the accelerometer, cen-
tered on one test mass (TM1), as a complex plane. The
capacitance bridges give the position of TM2, namely its
displacement relative to TM1, and we can combine the
a, b coordinates to form the complex variable ζ (in point
of fact it is a time series, the GGG readout yielding 32
data points per turn):

ζ = a+ ib (21)

A violation signal at the orbital frequency νorb (with the
same sign as the spin and νorb � νspin) as it is sought
for by GG would be read in the complex plane as:

ζWEP = %WEP e
i(−ωspin−ωorb)t (22)

since it would be caused by an Earth-like mass orbiting
around the test cylinders located in the lab, a body that
of course does not exist –our goal is to measure the GGG
level of differential acceleration noise which would com-
pete with such a signal. Thus, we know for sure that the
relevant frequency is −νspin, while this effect should not
be found close to the frequency line +νspin.

Instead, a disturbance oscillating at frequency νorb
along a given direction of the horizontal plane of the
lab (not due to a source body orbiting around the test
masses), once transformed to the rotating complex plane,
reads (we do not consider phase differences for simplic-
ity):

ζosc =
ρosc

2
(ei(−ωspin−ωorb)t + ei(−ωspin+ωorb)t) . (23)

Like the signal, this disturbance is close to the frequency
line −νspin and should not be detected at all near +νspin,
because the system spins counterclockwise and not clock-
wise. However, unlike the signal, it has two frequency
lines on opposite sides of −νspin at the same distance
νorb from it and with the same amplitude (half of the to-
tal), while the signal appears on one side of −νspin only,
which side depending on the sign of the orbital motion.
In our complex Fourier analysis we distinguish a nega-
tive FFT−, which should show both (22) and (23), from
a positive FFT+ in which neither of the two should ap-
pear. Similarly, for the spectral density we have SD− and
SD+.
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Electronics noise will obviously appear in both cases,
since it is not related to the sign of spin.

In GGG we apply on purpose a differential force along
one fixed direction of the horizontal plane, typically at
1 mHz, which in the rotating complex plane has the form
(23). It is used for calibration (the two lines must have
the same amplitude). Most importantly, it allows us to
quantify how “noisy” is the rotation. Ideally, for a per-
fect counterclockwise rotation no “leakage” of the two
spectral lines (23) should occur from FFT− to FFT+:
we should find them only in FFT− (the same in the case
of the spectral density).

In Figs. 6 and 7, we report the time series (in the
non rotating plane) for a one week duration run at
νspin = 0.16 Hz, the test cylinders being coupled in
the sensitive plane with a natural differential frequency
νdm = 0.074 Hz (Pdm = 13.5 s). Figs. 8 and 9 show the
spectral densities and FFTs (in the rotating frame) as
obtained with the complex Fourier analysis briefly de-
scribed above.

FIG. 6: Time series (for about one week of integration time)
of the relative displacements of the test cylinders after demod-
ulation to the (non rotating) horizontal plane of the lab: x
axis. The centers of mass stay within 0.08µm from each other.
The spin frequency (counterclockwise) is νspin = 0.16 Hz. The
natural differential frequency is νdm = 0.074 Hz natural dif-
ferential frequency (Pdm = 13.5 s).

Rotation noise “leakage” as discussed above is clearly
visible in Figs. 8 and 9. Since it is due to bearings and/or
motor, not present in GG, this is in fact a partial rejection
(from the red to the blue curve) of rotation noise. We
therefore use the blue curves to estimate (at the orbital
frequency of GG indicated by the dashed lines) the level
of noise relevant for GG. At this frequency we have:

• Lowest relative displacement noise (in m/
√

Hz):

' 2 · 10−8 m/
√

Hz

• Lowest relative displacement noise (20 days ):
' 2.2 · 10−11 m

FIG. 7: Same time series as in Fig. 6 for the y axis of the lab.
Along this direction the 1 mHz differential signal is applied
and it is dominant.

FIG. 8: Spectral Densitiy (SD) in the rotating frame as ob-
tained with complex analysis, negative (SD− red) and positive
(SD+ blue). The applied signal appears as expected with two
lines on the opposite sides of νspin = 0.16 Hz. Since the spin is
counterclockwise, the two lines should appear only in the red
curve. Instead, leakage to the blue one is apparent. Two ver-
tical dashed lines are plotted at distance νorb = 1.7 · 10−4 Hz
from the spin frequency, which is the frequency of a violation
signal for GG in space, either on one or on the other side of
the spin frequency. The feature to the right, on both the red
and the blue curve, is probably due to an excess noise in some
of the ceramic balls in the bearings (local lack of lubricant or
tiny dust particles).

• Lowest differential acceleration noise, with 0.074 Hz
differential frequency (in ms−2

√
Hz):

' 2 · 10−8 · (2π · 0.074)2 ms−2/
√

Hz ' 4.3 ·
10−9 ms−2/

√
Hz

• Lowest differential acceleration noise (20 days):
' 4.76 · 10−12 m/s2
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FIG. 9: FFT as derived from the spectral density of Fig. 8,
in the rotating frame with complex analysis, negative (FFT−

red) and positive (FFT+ blue). The sampling frequency is
νsampl = 32νspin and the resolution time is Tres = 86400 s.
See also the caption of the previous figure.

We now compare the best sensitivity of GGG:

∆a
GGGprototype1.7·10−4Hz ' 4.76 · 10−12 m/s2 (24)

with the differential acceleration that GG must measure
(at the same frequency) to meet its baseline target η =
∆a
g(h) = 10−17:

∆a
GGtarget

= 8.1 · 10−17 m/s2 (25)

showing that the GGG prototype is a factor 5.9·104 away
from the GG target.

However, we recall that the coupling of the test masses
is much stiffer on ground than in absence of weight, and
the sensitivity scales as the ratio of the (respective) nat-
ural differential periods squared: ( 540

13.5 )2 = 1600.
GG is designed for space, for the strong reasons pre-

sented in Sec. 1.4 of the proposal. The purpose of GGG is
to validate the main features of GG, but its test masses
cannot possibly be coupled as weakly as in absence of
weight. On ground the most sensitive instrument is the
torsion balance. With a natural (torsional) period of
790 s it is even more sensitive than GG in space, but it is
not suitable for space. Thus, there is no way that the sen-
sitivity gap by a factor 1600 between GG and GGG can
be significantly reduced. This means that, at the current
sensitivity reported here, GGG is only a factor 5900

1600 = 37
away from the best result it can provide as a prototype
of GG. Trying to further reduce this factor is worthwhile
only if GG will fly, to gain even better insights on its
physical features. We note in passing that if GGG with
the sensitivity (24) were to fly, it would provide a test of
WEP to 5.9 · 10−13.

In 2014 GGG has provided another important result
concerning whirl damping.

It is well known in rotordynamics, and it has been
shown also in response to Q3, that the forward whirl
(which in a very low dissipation system like GG occurs at

the natural frequency) grows exponentially depending on
losses in the suspensions at the spin frequency, not at the
natural frequency. Since the quality factor (inverse of the
loss angle) is known to be higher at higher frequencies we
should expect that when the system spins the whirl grows
with a (negative) Q higher than the (positive) Q with
which, at zero spin, an oscillation at the same natural
frequency decays.

In 2014 when GGG was spinning at νspin = 0.16 Hz
and the test cylinders whirled at a frequency of νw =
0.074 Hz (the same as their natural differential fre-
quency), the whirl control was turned off and the growth
in amplitude was measured (see Fig. 10, top plot) yield-
ing Qw = 2310. Once the rotation was stopped (vac-
uum chamber kept closed, data taking on, temperature
controlled as before) it was observed from the real time
Fourier analysis of the output data that oscillations at
the differential frequency (νdm = νw) were by far domi-
nant, all other frequencies showing much smaller ampli-
tudes. This situation is quite unusual, and has allowed
us to measure very neatly the decay of the oscillations
at the differential frequency. The result is reported in
Fig. 10, bottom plot, and yields Qn = 885. As expected
from theory, it is smaller than Qw = 2310 measured in
rotation. Though the ratio spin-to-natural frequency is
quite low in GGG ( 0.16

0.074 = 13.5
6.25 = 2.16) the effect on the

quality factors is apparent: 2310
885 = 2.61, not far from the

ratio in frequencies.
This measurement is important because most super-

critical rotors used in a wide variety of applications
have losses far much larger than GG, whirl is not finely
damped and precise measurements such as these are
rarely performed. With GGG we have confirmed exper-
imentally a very relevant theoretical prediction of rotor-
dynamics.

In GG a higher Q is expected for various reasons: a)
the test cylinders spin at 1 Hz rather than 0.16 Hz (Q is
higher at higher frequency); b) the relative displacements
are much smaller than on ground (Q is higher at lower
oscillation amplitude ); c) the suspensions are tiny while
on ground they must suspend 10 kg masses.

Q has been measured for a CuBe spring (manufactured
from a single block) in horizontal oscillation at 5 Hz yield-
ing Q values close to 19000 for oscillation amplitudes
much larger than in GG (see [1])

The requirement for GG is Q ' 20000 at 1 Hz (see
Table 4 in the proposal) and certainly within reach.

Even with the value 2310 measured by GGG, because
of the 540 s differential period of the GG test masses, once
the whirl radius has been damped it would take almost
11 days for it to increase by a factor 10.

On ground, with the same Q, the whirl amplitude of
the GGG test masses grows much faster (see Fig. 10,
top plot) because the whirl period is much smaller (only
13.5 s). This is why in GGG whirl control is on all the
time during the measurement runs, which however has
not prevented a good sensitivity from being achieved. In-
stead, in GG whirl control will be always off during the



16

science measurements (see Table 6 of the GG proposal).

FIG. 10: Top: Q = −2310 as measured from the whirl growth
at frequency νwhirl = 0.074 Hz while GGG is spinning at
νspin = 0.16 Hz.
Bottom: Q = +885 as measured with GGG from the decay
of the amplitude of oscillation at the natural differential fre-
quency νdm = νwhirl = 0.074 Hz
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