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The very low frequency “free spectral range” channel
Observation of tidal gradients 
Limits on a Lorentz Invariance violating signal
Twice yearly modulation and refractive index inconsistency



Overview of Gravitational Wave Interferometers
They are Michelson Interferometers with “free” suspended mirrors

and Fabry–Perot cavities in the two orthogonal arms 

They operate on a dark fringe, where they are maintained to 10-7 λ , 
(λ = 10-6 m) and record the signal at the dark port
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https://dcc.ligo.org/public/0119/G1500638/001/G1500638-v1-van%20Veggel-GWADW2015.pdf
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The signal records the phase shift at the antisymmetric port

The servo acts on δL and δf, but not on δn, to keep δφ =0; but these actions
are recorded. The integral of δφ

because over the integration interval, δL and δf, average to zero when the 
interferometer is “locked”. 

where i=1,2



The arms are held on resonance by adjusting the laser frequency 
and the arm length difference. They resonate when f0 = n0c/2L 
where f0 is the carrier frequency and n0 some large integer (~ 1010 ). 
The “free spectral range” frequency, is  ffsr = c/2L = 37.5 kHz, and
The arms will also resonate at sideband frequencies f±1 = f0±ffsr

If there is a macroscopic length difference ΔL,  between the two 
arms, then when the carrier is locked, the f±1 sidebands are off the 
dark fringe by a phase shift

Δφ±1 /2π = ± ΔL/2L = φbias

Thus the power at f1 contains an interference term between the bias
term Afsr and any externally imposed signal Aω
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Typically,    ΔL≈ 2 cm,      so that φbias
(single pass) =2.5×10-6
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The demodulated amplitude in the fsr region is the sum of the amplitude 
due to the macroscopic arm-difference  Afsr and the audio amplitude  Aω. 
The power

is modulated at the audio frequency ω, to a depth

and when    Aω << Afsr M ≈ 2 Aω/ Afsr .

The carrier is used to keep the interferometer in lock, (must be done 
rapidly),  while the sideband at the fsr measures slow phase shifts. 

The fsr frequency acts as a second Interferometer that operates in the “locked” optics.
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Preliminary LIGO integrated fsr power from Apr. 06, 2006 - July 07, 2007
Physics Letters B 761 (2016) 1–7 
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From observed modulation to phase shift at the dark port
In principle Afsr can be calculated from the known φbias and the 
amplitude E+1 of the fsr sideband. The latter is not well known 
except that it is of order 10-7 of the carrier field. Knowing the  
modulation determines Aω, but we must propagate the fields through
the interferometer. We achieve this by modelling the interferometer 
(FINESSE) with macroscopic arm length difference ΔL = 2 cm, 
and a single fsr sideband (no need to know the amplitude since it
cancels in calculating the modulation) and plot the expected 
modulation as a function of the phase difference between the 
two arms. We find that
The observed modulation M = 0.10 = -20 db corresponds to
h = 1.25x10-20 , namely to a phase shift Δφ/2π = 2x10-10
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Modulation of the fsr power when propagating a signal (am2) through the IFO
in the presence of an fsr sideband (am1), as modeled by FINESSE.

Blue      Afsr
Red       Aω
Yellow   Modulation

h = (sig1)x(3.5 x10-13)
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10 Spectrum in the twice-daily region; BW= 2.5e-8 Hz
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Observed and known frequencies of tidal lines
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The tidal gravity gradient 
Since the fsr signal was acquired with the IFO in lock on a dark fringe, the 
arm difference remained fixed. However the tidal acceleration (force) has a 
horizontal component that varies harmonically at the tidal frequencies 

dΦ/dx = ghorizontal ≈ 10-7 g  = 10-6 m/s2

Such a gradient modifies the frequency of the light propagating in the 
arms; we speak of a “red shift” between the two ends of the arm,

and for the M2 tidal line, leads to a phase shift at the dark port (for a 
single traversal)

Equivalent to strain h = 1.25×10-20 which implies a modulation of the 
fsr power with index M=0.10, in agreement with the data.

≈ 2×10-10

We can now use the M2 tidal gradient to calibrate all the lines in the fsr power spectrum



The Horizontal tidal gradients are given by

with the usual notation: H the hour angle and δ the declination of the 
perturbing body, and φ the latitude of the site, 
We are interested in the terms that rotate at 2H, and for the M2 line at
the Hanford site (setting <δ> = 0) the amplitudes are

The amplitude of the M2 line, for multiple (≈ 100) traversals, corresponds  
to a phase shift,                 Δφ (multiple) /2π ≈ 1.2×10-8  
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FSouth≈ 0.7×10-6 m/s2                                        FWest ≈ 10-6 m/s2
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10 Spectrum in the twice-daily region; BW= 2.5e-8 Hz
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Upper limit on a non-tidal phase shift 
at the  twice daily sidereal frequency

Four tidal  lines are observed in the twice daily region: N2, M2, S2 and K2.
Their frequencies are exact (to 10-8 Hz) and their relative amplitudes agree
with the known values (the measured power in the line is proportional to 
the tidal amplitude because it arises from interference)  [1 gal = 10-2 m/s2] 
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M2       Measured power  P=3538 counts    known amplitude  91    μgal
K2                                                415 counts                                     11.5 μgal
Therefore the expected tidal power at                      K2 = 447 counts
Observed non-tidal power at K2 (twice daily sidereal) = 32 ± 34 counts

Normalizing to the known phase shift induced by the M2 tidal line
δφ(single pass)/2π = (1.1 ± 1.2)×10-12 LV effect



Upper limit on Lorentz Invariance violation  
from the preliminary LIGO data
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The upper limit on the phase shift implies a limit on dispersion

δn/n = (δφ(single)/2π)(λ/2L) = (1.4 ± 1.5)×10-22

Compare to best limits

M. Nagel et al.         Nature Com. 6:8174 (9/1/2015) 
δν/ν < 10-18

Pruttivarasin et al.     Nature 517, 592 Letter (2015)
δν/ν < 10-18
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The observed twice Yearly Modulation
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Preliminary LIGO data of the integrated fsr power from Apr. 06, 2006 - July 07, 2007
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Twice annual modulation agrees with twice Earth rotation; BW=2.5e-8 Hz

X: 6.536e-08

Y: 4.033e+12

The twice yearly modulation of the preliminary
LIGO data is obvious, but not understood.

νobserved =  (6.536 ± 0.6)×10-8 Hz
2 νsolar =   6.338×10-8 Hz
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Standard Model Extension to include LV and CPT violating effects
V.A. Kostelecky and M. Mewes Phys. Rev. D66, 056005 (2002)  

Introduce a modified Lagrangian for EM field; the 4-tensor  kF has 19 
independent coefficients-

By redefining the coefficients of kF as 3x3 matrices we can write  
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Why modulation at 2Ω appears
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Results for dn/n, and SME Cartesian coefficients 
for different harmonics ω(rotation), Ω(orbital)

2Ω |        |κtr| | = (3.1±0.2)x10-9

The coefficients are extracted from the data, (thanks to Alan Kostelecky and Matt Mewes),
under the assumption that only that particular coefficient differs from zero.
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From the modified Lagrangian (Eq.11)   Assuming that only κtr ≠ 0

The refractive index 

Thus |n-1| ≈ 10-9 which is much too large and excluded
from the observation of very high energy gamma rays

and ultra high energy Cosmic Rays
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Limits on refractive index from 
ultra high energy cosmic rays and very high energy γ-rays

S. Coleman and S. Glashow (1999)

If n>1, a charged particle will emit Cherenkov radiation when 
βn>1 and loose energy.  Therefore n-1< 1/2γ2.
C.R. with E ≈ 200 EeV = 2x1020 eV have been observed. Assuming 
M= 100 GeV, γ= 2×109 and                         n-1 < 10-19

If n<1, photons propagate with phase velocity cp< c and are 
time-like, they will decay into massive particles, γ→ e+e- and 
loose energy              1-n < ½(2me/Eγ)
The observation of 60 TeV γ-rays implies       n-1 > 1.4x10-16
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Conclusion on the observed 
twice annual modulation

The value of κtr extracted from the data is incompatible 
with the photon sector of the SME model.
[A. Kostelecky and M. Mewes Phys. Rev. D 66 56005 (2002)] 

It could be due 
(1) To Lorentz violation in another sector, or
(2) The SME model is not complete, or 
(3) The data are incorrect. 
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The observed twice yearly modulation can be explained 
phenomenologically by introducing a small dependence of 
the refractive index on the square of the velocity of the 
observer with respect to some inertial frame

Obviously the dominant term will involve the Earth’s orbital 
velocity, as compared to its rotational  velocity, in agreement
with the data.

This does not violate the Coleman-Glashow bounds



10/2018 Discr. Symmetries_ECT 28

View of the Hanford LIGO Observatory
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The Coleman Glashow argument



Expected phase shift from Galilean relativity
Light of wavelength λ, making a round trip in an arm of length L,
moving with velocity β and at an angle θ with respect to an absolute
frame acquires in Galilean relativity a  phase shift                         

Thus the phase shift between two arms (of equal length) oriented at
angles θA, θB is

The angles and velocity are evaluated in the SCCEF
βdaily(Hanford) = 10-6 βorbital = 10-4
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Expected Fringe shift (Δφ/2π) for Galilean transformation
at the Hanford LIGO Interferometer
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Comparison of Michelson’s and LIGO Interferometers

The “Figure of Merit”  is length divided by Fringe resolution, 
MM        L = 11 m           ΔFringe = 0.01             L/ΔFringe = 103

LIGO       L = 4×105 m     ΔFringe = 2×10-10 L/ΔFringe = 2x1015

For LIGO, given the Earth’s velocity through the CMB frame, β = 1.2×10-3 

the expected ΔFringe = 3.5×105, but we observe < 2×10-10, (multipass)
thus in the RMS formalism     

PMM = ( ½ - β + δ) < 6×10-16

Expressed as dispersion, the fringe shift, ΔFringe = (δν)(2L/c), or

δν/ν = (λ/2L)×ΔFringe < 2.5×10-22
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More about the SME coefficients
We analyze only the twice daily frequency

We do not separate the two quadratures but use the limit on the 
observed amplitude of the signal.
The dominant term is κXY , and the data imply the limit

κXY < 8×10-23

The twice yearly frequency is directly proportional to the trace of the 
“kappa” coefficients, leading to

κtr = (3.1±0.2)×10-9 !
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SME coefficients

The twice yearly frequency is directly proportional to the trace 
of the “kappa” coefficients, leading to 

Normalizing the spectral power observed at the twice yearly 
frequency, to the power in the M2 tidal line, one finds

δn/n = (0.6 – 4.0)×10-19 at    2Ωorbital

κtr = (3.1±0.2)×10-9

which is at the limit of existing measurements (arXive:0801.0287v9)
and could be instrumental.

In contrast the absence of any signal at Ωorbital sets a limit on
κYZ

o+ < 10-17



Predicted vs observed strain March 2 - 7, 2007

10/2018 Discr. Symmetries_ECT 37



Predicted vs observed strain December 2 - 7,2006
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Hand –waving evaluation of Aω from modulation M
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The Earth 
Tides
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Sun Centered Celestial Equatorial Frame
used in the  SME framework  
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Coordinate system adopted for the SME
Earth Centered Inertial  frame
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