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Experiments Using Macroscopic Proof-Masses

* Gravity-Probe B e MicroScope (1Scope)
» Geodetic Effect  Equivalence Principle
* Lense Thirring Effect e LISA Pathfinder

* STEP e GW demonstrator
* Equivalence Principle e LISA

* GAUGE * GW observatory

e Equivalence Principle

e Spin-coupling

e 1/r?

* Quantum decoherence
* Quantum EP
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Figure 1. Non-relativistic drift rate of GP-B gyroscopes in space versus ground based
gyroscopes. After correction for patch effect torques and modeling of other effects, ogp.g
represents the on-orbit performance achieved by GP-B. 1 marcs=4.85 x 1077 radians.




Table 2. Top level requmements on the gyroscopes needed to meet the science goal of the mission.

Gyrmo parameter Requirement Acheved Venfication method
(1) Rotor mass unbalance tolerance (dr,,/r) =25 = 107 5.1 = 107 Flight GSS data
(2) Rotor asphericity(dr./r) 3x107° 2x107° Flight GSS data
(3) Housing aspherncity(dry/ry) = 107 ﬁl{}_j Ground measurement
(4) Eotor moment of ineroa differences - 107° “21= 1® Flight 5SS data
(3) Rotor spin speed =0l Hz >6H1.8 He Flight readout data
(f) Rotor electric charge st <13x107"C Flight GSS charge control
(7 Operanonal constraimts
(a) Rotor spm axis-roll axis angle <10 arcsec| <02 arcsec Flight readout data
ib) Roll period 60 s < period < 600 s T7.5s% Flight roll sensor data
{¢) Rotor mass center o roll axis distance < 1N gm <100 gm By design
(d) Transverse acceleration <10 ms™ <4x 107" ms™ Flight GSS data
i¢) Orat plane to guxde star angle =002 <02 Flight GPS data
(8) Environmental constramts

(a) Magnene held
ib) Gas pressure

<0 1070 T
£26x% 107 Pa

<3 1= 1070
<2x 107 Pa

Rotor trapped magnetic flux
Gyrmo spm down rate
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STEP

SATELLITE TEST OF THE EQUIVALENCE PRINCIPLE

5 TE P (Satellite Test of the Equivalence Principle)
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DFC Reference accelerometer

Systematic component at signal frequency

Disturbance msech2 Comment
SQUID naoise 15761 | acceleration equivalent to intrinsic noise
SQUID termp. drift 953619 | T regulation of SQUID carriers
Thermal expansion a.16E-19 | gradient along DAC structure
Cifferential Thermal expansion A.07E-23 Radial gradient in DAC structure
M yquist Moise 52319 | RMS acceleration equivalent
Gas Streaming 1.096-19 | O decaying Gas flow, outgassing
Hadiometar Effact g.99e-19 | T gradient along DAL structure
Thermal radiation an mass 1.86E-22 Fadiation pressure, gradient
Yar. Discharge uv light 3.486-19 | 2 unstable source, opposite angles on masses
Earth field leakage to SQUID 6.34E-19 | [ estirmate for signal frequency companent
Earth Field farce 4.16E-22 estimate for signal frequency companent
Penetration depth change 338620 |1 longitudinal gradient
Electric Charge 52220 | I Agsumptions about rate
Electric Patential 116618 | variations in measurement voltage
=ense voltage offset 238E19 | O bias offset
Crag free residual in diff. Maode 391620 | | estimated from squid noize
Wiscous coupling 1.84E-23 gas drag +damping
Cosmic ray mamenturm 3.33E-21 mostly directed downward
Praton radiation mormentum G.03E-19 | EEE uhidirectional, downweard
dynamic Ch offget X rd=a[- [ | — vibration about setpaint, converted
static CM offset limit 1.86E-21 AD saturation by 2nd harmanic g
Trapped flux drift acceleration 7.37E-23 actual force fraom Internal field stability
Trapped flux changes in squid 7.126-20 | [ apparent motion from internal field stability
S/C gradient + CM offset 6.79E-33 gravity gradient coupling to DFC residual of 5/C
ratation stability 719820 | [ centrifugal force variation + offset from axis
Eccentricity subharmonic, g.17e-20 | [ real part at signal frequency
Helium Tide 7.00E-19 | Fixed Placehalder
position sensor gap, mm 1.00 500000 Orbit height
comman mode period 1466 00086 Sensor current, A
differential rode period 1131 1EE11 CM distance, m
=/C rotation per arbit 2.70E+10

Total error 9.21E-18 BMS error 2ZI0E-18 misectd




Mission Timeline

L

Science Data Collection

o Werification

2 Hours —Launch
4

10 Diays

Setup and Yenfisation
Recalbration Testing B Schedule Reserve

» Operational life: 6 months
» 30 days Commissioning and Calibration
» 140 days Measurement - 20, 7 day experiment set-ups

« Each experiment has 4x20 orbit runs sufficient to reach 10-18, multiple
measurements improve robustness of data, enable search for systematic
effects (some in real-time)

» Post Measurement Verification: non-mission critical measurements that
further increase robustness of data

— e.g. Operation near instabilities, irreversible systematic checks
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GA U GE (GrAnd Unification and Gravity Explorer)

GAUGE (GrAnd Unification and Gravity Explorer) was a proposal in 2007 to the Cosmic
Visions programme at ESA. The proposal was for a drag-free spacecraft platform onto
which is attached a number of modular experiments, including both macroscopic and
microscopic (Al) proof-masses. The complement of experiments addressed key issues
at the interface between gravity and unification with the other forces of nature.

We included:

U High-precision macroscopic EP experiment

 Quantum space-time fluctuations in a microscopic EP experiment

1 An inverse square law test at intermediate and short ranges

O An axion-like mass-spin coupling search at intermediate and short ranges
1 Quantum decoherence from space-time fluctuations at the Planck scale
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GAUGE

GrAnd Unification and Gravity
Explorer




Macroscopic EP
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Star Tracker
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Experiment concepts

e Atom Interferometry
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Experiment concepts

e Atom Interferometry
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Experiment concepts

e Atom Interferometry

Cold atom
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Violation of weak equivalence principle (WEP)

For every particle p the ratio of gravitational and inertial mass becomes different,
namely

3
m T
(—g) —1+aildt),  a;(At) = S () ar,
mi /, -
— Violation of the Universality of Free Falle.

Y
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Experiment concepts

e Atom Interferometry

Cold atom
cloud

Raman laser

} !

>

Equivalence Principle 3 l/I/T

I

Time Domain Interferometer for EP test

Cold Rb / Cs atom

Photodiode I clouds
% e — & Cooling laser

Raman laser 1

Cooling laser

Raman laser 2

N

Cooling laser Cooling laser

Atom source

Source mass
or spin source

QTSpace, 26-31 Mar 2017, Malta

17



MICROSCOPE (MICROSateIIite a trainée Compensée pour I'Observation du Principe d'EquivaIence)

¢ Total mass of the instrument: 50 kg

& Test masses;
* inside in Platinum = 0.5 kg
* putside in Platinum = 1.4 kg

* putside in Titanium = 0.3 kg

* Resolution of the acceleration measurement = 0.1 pico-g / Hz ™ in the range [107Hz - 2x10° Hz]



FM error budgets
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at mission level

Earth Gravity Gradient = eccentricity < 5.10°
S/C position tracking (Doppler) : <7m, < 14m, 100m @ fep
Pointing : 10~ rad with variations < 10 pyrad (inertial) & 10 pyrad (spin) @ fep
Mass Off-Centering 2 Angular velocity variations < 10" rad/s (spin) @ fep
Angular accelerations variations < 10~ rad/s? (inertial)
& 5 102 rad/s? (spin) (@ fep
Sensitivity Matching - Drag-Free Control < 3.10-'%ms2Hz'2 and
< 10-"?’ms? variations (@) fep

Instrument characteristics and in-orbit calibration :
Resolution : < 2.310"ms2Hz12 and 2.6 10trads2Hz12

Sensitivity stability < 6.8 10°® sine (FEEU thermal effect) and 1.2 10> Hz'? @ fep

SF matching : <1510+
with stability : < 0.3 10% sine (SU thermal effect) and 3.10¢ Hz 2 (@) fep
Alignment matching” : < 5.10%rad
with stability : <1.5 10 rad sine (SU thermal effect) and 3.10-'rad Hz2 (@) fep
F Towboul, Space Sci Rev, 2008,
PR ONERA
21 Pierre Touboul, ONERA, Microscope Colloguium IV, Palaiseau, November 16-1 ’2; -
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at instrument level

Capacitive sensing : Internal Mass (1.4 kg) External Mass (0,4kg)
X 12 pVHz 12 = 4 101 mHz12 6 pVHz "2 = 2 5 10-" mHz"=2
Y.L 6 yVHz 12 = 2 5 10-1" mHz 12 3 pVHz 2 = 1 10-" mHz-12
_ _ Internal Mass External Mass
Electrostatic control & measurement X 1.1 WWHZ 2 = 20 108 NHz12 16 WVHZ'2 = 52 1015 NHz 12
h i 2.3 pvHz 2 =160 10713 NHZz 12 2.3 pVHz "2 = 710 1015 NHz 14
Proof mass reference voltage : Vp =5V 0.22 pWHz"2; 13 ppm/°C + stability compatible with 5SmK fluctuations
Power supply : 0.1 mV for 1V satellite power bus variation & 2m\/°C

QTSpace, 26-31 Mar 2017, Malta 21




LISA Path fl nder (LISA Technology Demonstrator)
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2 LISA PATHFINDER EXCEEDS EXPECTATIONS
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Centrifugal force

The rotation of the spacecraft
required to keep the solar array
pointed at the Sun and the antenna
pointed towards Earth, coupled with
the noise of the startrackers produces
a noisy centrifugal force on the test
masses. This noise term has been
subtracted, and the source of the
residual noise after subtraction is still
being investigated.

| Gas damping

Inside their housings, the test
masses collide with some of the
few gas molecules still present.
This noise term becomes smaller
with time, as more gas molecules
are vented to space.

Spacecraft: ESA/ATG medialab; data: ESA/LISA Pathfinder Collaboration

Sensing noise

The sensing noise of the optical
metrology system used to monitor
the position and orientation of the
test masses, at a level of 35 fm / VHz,
has already surpassed the level

of precision required by a future
gravitational-wave observatory by
a factor of more than 100,

European Space Agency




LI SA P d th fl n d @I (LISA Technology Demonstrator)
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| MR1.1 Galactic Binaries

MR2.1 Light, seed black holes at high redshift
MR2.2 Blackhole growth over cosmic history
MR2.3a Mergers of Milky-way type galaxies
MR2.4a Detection of Intermediate M Black Hole:
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$12.2: Study the growth mechanism of MBHs from
the epoch of the earliest quasars

OR2.2.a Have the capability to detect the signal for co-
alescing MBHs with mass 10* < M < 10° My in the
source frame at z £ 9. Enable the measurement of the
source frame masses at the level limited by weak lens-
ing (5 %).

OR2.2.b For sources at z < 3 and 10° < M < 10° Mg,
enable the measurement of the dimensionless spin of
the largest MBH with an absolute error better than 0.1
and the detection of the misalignment of spins with
the orbital angular momentum better than 10 degrees.
This parameter accuracy corresponds to an accumu-
lated SNR (up to the merger) of at least ~ 200.

MERZ2.2: The most stringent requirement is set by be-
ing able to measure the spin of a threshold system with
total intrinsic mass of 10° M, mass ratio of g = 0.2, lo-
cated at z = 3. This will satisfy both OR2.1.a and 2.1.b.
Achieving an SNR of 200 requires a strain sensitivity
of 4 x 1072 Hz Y2 at 2mHz and 1.3 x 1072 Hz "2 at
20mHz. All systems in OR2.2.a and 2.2.b with higher "
mass, mass ratios, spins, or lower redshift will result in
higher SNR, and better spin estimation.



L I SA (Laser Interferometer Space Antenna)
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SI5.1 Use ring-down characteristics observed in
MBHB coalescences to test whether the post-merger
objects are the black holes predicted by GR.

OR5.1 Have the ability to detect the post-merger part
of the GW signal from MBHBs with M > 10° Mg, out
to high redshift, and observe more than one ring-down
mode to test the “no-hair” theorem of GR.

MRS5.1: The range of systems defined in OR5.1 sets a
constraint on the sensitivity curve by requiring the high
SNR and the observation of the merger. For masses at
the low end of the range, the threshold system is one out
at z = 15 with a mass of 10° Mg, which will give an SNR
of ~ 100 in the ringdown if the strain sensitivity is bet-
ter than 2 x 1072° Hz "2 at 3 mHz and 1 x 1072 Hz" /2
at 9mHz. The contours of SNR in the mass/redshift
plane are complicated, but we can constrain a point on
the high mass end by considering a system of 10" Mg,
out at redshift 4. This system constrains the strain sen-
sitivity to be better than 7 x 1077 Hz7Y2 at 0.1 mHz,
and 3 x 1078 Hz~'/2 at 0.3 mHz, with the goal to extend
this sensitivity down to low frequencies to see more of
the inspiral phase, and allow earlier detection. Systems
with masses between these two end points are consid-
ered ‘Golden’ binaries, yielding SNRs of up to 1000 for
systems out to redshift 3.



L I SA (Laser Interferometer Space Antenna)

§15.2 Use EMRISs to explore the multipolar structure
of MBHs

OR5.2: Have the ability to detect ‘Golden’ EMRIs
(those are systems from OR3.1 with SNR > 50, spin
> 0.9, and in a prograde orbit) and estimate the mass of
the SOBH with an accuracy higher than 1 part in 10*,
the mass of the central MBH with an accuracy of 1 part
in 10°, the spin with an absolute error of 107%, and the
deviation from the Kerr quadrupole moment with an
absolute error of better than 1072

MR5.2: The MRs are the same as MR3.1, but due to
uncertainties in the astrophysical populations, a mis-
sion lifetime of several years is essential here to increase
the chance of observing a Golden EMRI.

S§15.3 Testing for the presence of beyond-GR
emission channels

Test the presence of beyond-GR emission channels
(dipole radiation) to unprecedented accuracy by de-
tecting GW150914-like binaries, which appear in both

the LISA and LIGO frequency bands [15]. The ORsand -

MREs are the same as those in SI4.1.

S15.4 Test the propagation properties of GWs

Test propagation properties of GW signals from EM-
Rls and from coalescing MBHBs. Detect the coales-
cence of Golden MBHBs (those systems described in
OR2.2 with an SNR > 200) and have the ability to de-
tect a Golden EMRI (as defined in OR5.2) which allows
us to constrain the dispersion relation and set upper
limits on the mass of the graviton and possible Lorentz
invariance violations. The ORs and MRs are the same
as those in MR2.2 and MR3.1.

SI5.5 Test the presence of massive fields around
massive black holes with masses > 10° Mg

Constrain the masses of axion-like particles or other
massive fields arising in Dark-Matter models by accu-
rately measuring the masses and spins of MBHs [16].
The requirements on the accuracy of the mass and spin
measurements are the same as in S12.2.

Investigate possible deviations in the dynamics (en-
coded in the GW signal) of a solar mass object
spiralling into an intermediate mass BH (mass <
afewl0* M) due to the presence of a Dark Matter

mini-spike around the IMBH [17]. This is a discovery

project and the high frequency requirements stated in
MR4.1, MR4.2 make such a discovery possible.

QTSpace, 26-31 Mar 2017, Malta
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Summary

e Space is an obvious environment for carrying out fundamental physics
experiments.

e The first pioneering experiments are showing technologies are now
available for high-precision experiments exceeding ground-based
capabilities.

 The work-horse at the moment is the use of macroscopic proof-mass
type instruments.

* The potential return from improved sensitivities with new
technologies is enormous and there are some complementary science
goals.



