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|
The Robertson—Mansouri-Sex| (RMS) framework

@ Kinematical framework which assumes the existence of a preferred
frame X where light propagates rectilinearly and isotropically in free
space with constant speed ¢
[Robertson, 1949, Mansouri and Sexl, 1977a,

Mansouri and Sexl, 1977b, Mansouri and Sexl, 1977¢]
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frame X where light propagates rectilinearly and isotropically in free
space with constant speed ¢
[Robertson, 1949, Mansouri and Sexl, 1977a,

Mansouri and Sexl, 1977b, Mansouri and Sexl, 1977¢]

@ Ordinary Lorentz transformations from X to the observer frame S

with relative velocity w are generalized to allow for violations of SR:
T = al(t-—cte-x)

—

X = dR—(dt=-bH(w-)Ww/w?+wT ,
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@ a, b and d are functions of w?; € is a w-dependent vector specifying
the clock synchronization procedure in S
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@ Kinematical framework which assumes the existence of a preferred
frame X where light propagates rectilinearly and isotropically in free
space with constant speed ¢
[Robertson, 1949, Mansouri and Sexl, 1977a,

Mansouri and Sexl, 1977b, Mansouri and Sexl, 1977¢]

@ Ordinary Lorentz transformations from X to the observer frame S

with relative velocity w are generalized to allow for violations of SR:
T = al(t-—cte-x)

X = dR—(d b H(W-)W/wW?>+wT ,

@ a, b and d are functions of w?; € is a w-dependent vector specifying
the clock synchronization procedure in S

@ In the low-velocity limit:

a(W) =1+ c2(a—1/2)w? + O(c 4w (1)

where « quantifies the LI violation (= 0 in SR)
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The RMS framework: some past experiments

@ Three classical LI tests: Michelson—Morley, Kennedy—Thorndike, and
lves—Stillwell experiments [Robertson, 1949
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The RMS framework: some past experiments

@ Three classical LI tests: Michelson—Morley, Kennedy—Thorndike, and
Ives—Stillwell experiments [Robertson, 1949]

e From [Will, 1992]:

Experiment Limit on a
JPL time of flight 1.8x107*
Two-photon absorption 1.4X107°
Rocket redshift 10°°
Mossbauer rotor 9x107°
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The RMS framework: some past experiments

@ Three classical LI tests: Michelson—Morley, Kennedy—Thorndike, and
Ives—Stillwell experiments [Robertson, 1949]

e From [Will, 1992]:

Experiment Limit on a
JPL time of flight 1.8X107*
Two-photon absorption 1.4X107°
Rocket redshift 10°°
Mossbauer rotor 9x107°

@ Comparisons of atomic clocks onboard GPS satellites with ground
atomic clocks [Wolf and Petit, 1997]: |a| < 107

o Ives—Stillwell type experiments with heavy-ion storage
rings [Reinhardt et al., 2007, Botermann et al., 2014]:

o "Li* ions to 6.4% and 3.0% of c: |a| < 8.4 x 1078
o "Li" ions to 33.8% of ¢: |a| <2.0x 1078
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Simplified model of compensated fibre frequency transfer
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Simplified model of compensated fibre frequency transfer

ﬂ_1+V2—V0

140 2 0

+ Agr + Arms J

@ Agr contains the relativistic redshift due to the static part of the
gravity potential as well as temporal variations [Voigt et al., 2016].
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Simplified model of compensated fibre frequency transfer

" i)
il ]_ +
140 21/0

+ Agr + Arms J

@ Agr contains the relativistic redshift due to the static part of the
gravity potential as well as temporal variations [Voigt et al., 2016].

@ The RMS signal is:
ARrMs = ac_2 [2V_I7 . (VA — \75) + (VE\ — V‘%)] + O(C_s)

where V4 and Vg are velocities of clocks A and B in GCRS, and w is
velocity of Earth w.r.t. CMB
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Static and varying geopotential correction

Correcting for the gravitational redshift due to the static potential
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Static and varying geopotential correction

Correcting for the gravitational redshift due to the static potential

e ITOC project (2013-2016, EMRP): new European geoid EGG2015,
GNSS/geoid levelling (H. Denker et al., LUH)
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Static and varying geopotential correction

Correcting for the gravitational redshift due to the static potential

e ITOC project (2013-2016, EMRP): new European geoid EGG2015,
GNSS/geoid levelling (H. Denker et al., LUH)

e PTB-SYRTE: 247.4 x 10~17: NPL-SYRTE: 51.5 x 10~17
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Static and varying geopotential correction

Correcting for the gravitational redshift due to the static potential
e ITOC project (2013-2016, EMRP): new European geoid EGG2015,
GNSS/geoid levelling (H. Denker et al., LUH)
o PTB-SYRTE: 247.4 x 10~"; NPL-SYRTE: 51.5 x 10~/

@ ~ 4 cm (10717) uncertainty on the height difference (relative
frequency) between both clocks
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Static and varying geopotential correction

Correcting for the gravitational redshift due to the static potential
e ITOC project (2013-2016, EMRP): new European geoid EGG2015,
GNSS/geoid levelling (H. Denker et al., LUH)
o PTB-SYRTE: 247.4 x 10~"; NPL-SYRTE: 51.5 x 10~/

@ ~ 4 cm (10717) uncertainty on the height difference (relative
frequency) between both clocks

Correcting for the gravitational redshift due to the varying potential

@ solid earth+pole+lod tides (modified
version of ETERNA 3.4 package)

@ ocean tides (SPOTL program)
C. Voigt et al., 2016. Metrologia 53, 1365.
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RMS model of the relative frequency difference
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@ Velocities of the clocks in GCRS are obtained with the SOFA routines
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RMS model of the relative frequency difference

i | | | o | N s
ST =
S S
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ARmMs = 20¢c W - (VA — \73) + O(C_2)

@ Velocities of the clocks in GCRS are obtained with the SOFA routines

@ ARgwms varies daily for clocks located at different longitudes (direction)
and/or different latitudes (norm)
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RMS model of the relative frequency difference
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ARmMs = 20¢c W - (VA — \73) + O(C_2)

@ Velocities of the clocks in GCRS are obtained with the SOFA routines

@ ARgwms varies daily for clocks located at different longitudes (direction)
and/or different latitudes (norm)

@ w is the velocity of Earth w.r.t CMB; in June 2015 and 2016
|W| ~ 340 km-s~1
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|
The Sr clock NPL-SYRTE comparison

Fiber link SYRTE — LPL — NPL first operated in June 2016
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The Sr clocks NPL-SYRTE comparison

Sr2 SYRTE - Sr NPL

SrB SYRTE - Sr NPL

Combined
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@ Two different fitting methods: linear
least-square fitting (LSQ) and affine
invariant Markov Chain Monte Carlo
ensemble sampler (MCMC)

@ Temporal correlation due to flicker
floor of the free running laser (up to

10 s)

@ Correlation between the two data sets:
Sr NPL clock is common for some

points
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The Sr clocks PTB-SYRTE comparison

@ Remote laser station

PTB, LPL and SYRTE established a 1415 km long optical fibre link
and performed in 2015 the first direct comparison of optical clocks
at continental scale
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The Sr clocks PTB-SYRTE comparison

2 Measurement campaigns

Sr(PTB)-Sr(OP),
s cut-off at 5 Hz
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The Sr clocks PTB-SYRTE comparison
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temperature variations fitted
with the RMS model:
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Conclusion
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Sr2/SrB SYRTE - Sr NPL combined | Sr2 SYRTE - Sr PTB
a(1079) —2.83+6.10 —0.38 +1.06

@ Test limited by noise sources on the clock systems — reduction in
uncertainty of more than one order of magnitude within reach

@ Limitations: RMS is a non dynamical framework — use SME or dark

matter models
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