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EEP and Universal Metrology

= EEP states that all the local physics is the same everywhere at
any time in our cosmos. Therefore if we base our metrology
everywhere at anytime on local physics with a universal
procedure, we have a universal metrology (see, e,g. Ni [1],
Petley [2]).

= For metrology, we need unit standards. At present all basic
standards except for the prototype mass standard are based on
physical laws, their fundamental constants and the microscopic
properties of matter. The Einstein Equivalence Principle (EEP)
says, in essence, local physics is the same everywhere.
Therefore, to the precision of its empirical tests, EEP warrants
the universality of these standards and their implementations.

2017.10.14. Soochow U

EEP and its metrological foundation Ni 2
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mLocal physics is special
relativistic physics
s\What is GRAVITATION?
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One Hundred Years of
General Relativity

nd Empirical Foundations to Gravitational
Cosmology and Quantum Gravity

Volume 1

Wei-Tou Ni \
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SI system of units

= The name Systeme International d’Unités (International System of
Units), with the abbreviation SI, was adopted by the 11t Conférence
Générale des Poids et Mesures in 1960.

= After 1983 redefinition of meter as the length of path traveled by
light in @ vacuum during a time interval of 1/299792458 of a second,
all definition of SI units can be traced to the definition of second and
kilogram.

= The second is defined as the duration of 9 192 631 770 periods of
the radiation corresponding to the transition between the two
hyperfine levels of the ground state of the cesium-133 atom.

= The kilogram is the unit of mass; it is equal to the mass of the
international prototype of the kilogram [a cylinder of platinum-
iridium] (IPK).

2017.10.14. Soochow U
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When the mass unit is redefined by
natural invariants, the SI system wiill
be free of artefacts.

= IPK is the only physical artefact in the definition of SI 7 base units
(second, meter, kilogram, ampere, kelvin, mole and candela for 7 base
quantities time, length, mass, electric current, thermodynamic
temperature, amount of substance and luminous intensity respectively).

= Although the uncertainty of the mass of IPK is zero by convention, there
are evidence that the mass of IPK varies with a fraction of the order of
10-8 after storage or cleaning with the estimated relative instability §m/m
~ 5 X 108 over the past 100 years [3].

= In order to ensure continuity of mass metrology, it has been agreed that
the relative uncertainty of any new realization must be less than 2 x 10-8
(See, e.g. Becker [4]). These experimental progresses set the stage for a
new definition of kilogram using Planck constant/Avogadro number. Time
is becoming mature to replace all the definitions of units using natural
invariants.

2017.10.14. Soochow U
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Toward new definition
of mass unit

= Sanchez et al. [5] in National Research Council of Canada determined the
Planck’s constant / using the watt balance to be 6.62607034(12) x 10-34
J s within 2 x 10-8 relative uncertainty.

= NIST has reached 5 x 10-8 relative uncertainty and is building a new watt
balance to reach 2 x 10-8 relative uncertainty [6]. The silicon sphere
experiment of counting atoms to determine the Avogadro constant
reached 3 x 10-8 relative uncertainty (See, e.g., Becker [4]).

= In 2014, the Avogadro constant A, and derived Planck constant / based
on the absolute silicon molar mass measurements with their standard
uncertainties are 6.02214076(19) x 1023 mol-! and 6.62607017(21) x
10-34 J s [7]. The three measurements of NIST [7], PTB [8], and NMIJ [9]
agree within their stated uncertainties and also agree with the NRC watt
balance measurement with 1 o.

2017.10.14. Soochow U EEP and its metrological foundation Ni 7

2018 SI new base units

= In 2018, the 5 SI base quantities -- time, length, mass, electric current, and
thermodynamic temperature -- will be replaced by frequency, velocity, action,
electric charge, and heat capacity, pending upon the expected final resolution of
the 26t Conférence Générale des Poinds et Mesures (CGPM) (See, e.g., [6]).

= The two defining constants for frequency and velocity will be the same as the
present SI defining constants of time and length. The defining constants for
action, electric charge, heat capacity, and amount of substance will be the Planck
constant 4, the elementary charge ¢, the Boltzmann constant & and the Avogadro
constant A, respectively.

= The mass unit can be traced to action unit defined by the Planck constant using
watt balance or to amount of substance defined by the Avagadro constant based
on counting the atoms in a 28Si crystal. In 2018, both methods should reach an
uncertainty smaller than 2 x 10-8 to guarantee consistency and continuity. The
relative uncertainty of A/ at present is 7 x 10-19 (CODATA 2010 adjustment [10])
to guarantee consistency at the 2 x 10-8 level.

2017.10.14. Soochow U
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SI new definition and EEP

= With the new definition of units based on physical invariants of nature, the
applicability becomes wider; as long as the physical laws which the units are
based are valid, the standards and metrology are universal.

= In section 3 of , we have seen that the unique light cone is experimental
verified to 1038 via y-ray observations at cosmological distance; it verifies

Table I. Constraints on the spacetime constitutive tensor ;_f‘"k" and construction of the

spacetime structure (metric + axion field ¢ -+ dilaton field ) from
experiments/observations in the skewonless case
- Expeniment Constraints Accuracy
= | Pulsar Signal Propagation 107
Radio Galaxy Observation | y™ — ¥ (=h)**[i* ' — b ¥)wr + @™ 107
Gamma Ray Burst (GRB) 107
CMB Spectrum Measurement v—1 8 x 107
a>| <0.02,

Cosmic Polarization Rotation

s 1A

the Galileo equivalence principle for photons/electromagnetic wave packets Experiment PHea-40 < ;}
to this accuracy. This constrains the spacetime (vacuum) constitutive tensor <003
to core metric form with additional dilaton and axion degrees of freedom. Edtvos-Dicke-Braginsky y—1 107

= In the solar system the varational of the dilaton field is constrained to 10-10 Expeniments hoo = oo 10°
U in the cosmos, the dilaton field is constrained to 8 x 10-4 (Table 1). The Vessot-Levine Redshift )
universal metrology system is truly universal with the present accuracies. In P oo —> 8o 14 %107
case the accuracies are pushed further, we either verify equivalences s 10 U
principles further or discover new physics. Thus we see that universal Hughes-Drever-type ' =& o ..;4
metrology and equivalence principles go hand-in hand. Bxpecineite how = go ——

2017.10.14. Soochow U EEP and its metrological foundation Ni 9 2017. hoo = goo 107°

The role of

The role of equivalence principles
in physics and metrology

= Equivalence principles play very important roles both in the
Newtonian theory of gravity and relativistic theories of gravity.
The ranges of validity of these equivalence principles or their
possible violations give clues and/or constraints to the
microscopic origins of gravity.

= They will be even more important when the precisions of the
tests become higher. To pursue further tests of EEP, we have to
look into precise experiments and observations in our laboratory,
in the solar system, and in diverse astrophysical and cosmological
situations. All of these depend on the progress in the field of
precision measurement, and demands more precise standards.

= The constancy of constants is implied by equivalence principles.

Their variations give new physics.
2017.10.14. Soochow U
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frequency measurement

= The frequency measurement has the best relative uncertainty
at present. The optical clocks are reaching relative
uncertainties (quasi-accuracies) at the 10-18 level [11]. When
the comparison of optical clocks becomes common, it is
anticipated that the frequency stardards will go optical.

= Further improvement in the frequency measurements will
have profound impact on precision measurement and gravity
experiment.

= In the realm of gravitational wave (GW) detection, the
influence will be to enhance the Doppler tracking method and
the PTA method [12]. An array of clocks may even become an

alternate method for detecting low frequency GWs.
2017.10.14. Soochow U
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Relativity arose from Maxwell — Lorentz

‘ theory of electromagnetism.
m Maxwell equations 1n Gaussian units are:
V -D = 4mp,
V x H — % = 47J
V-B=0
V x E+ E =0
ot

= the constitutive relation between (D, H)
and (E, B) :
(D,H)=x(E,B)

2017.10.14. Soochow U EEP and its metrological foundation Ni 17

On 21 December 1907, Minkowsk1 read before the
Academy “Die Grundgleichungen fiir die

‘ elektromagnetischen Vorgénge in bewegten Korpern”

The fundamental equations for electromagnetic processes in Moving bodies

= Minkowski 4-dim field strength F, (E, B) and 4-dim
excitation (density) HY (D, H)

0 r“.-i !‘.Ig 1".';1 0 —1")1 —."_)‘_) —1"_);;
) —}‘.‘] 0 —1"3_-; J”_g ])I 1] —l”;; .”_3
F = ) HY =
—Fy By 0 — By Dy  Ha 0 —-H,
=B =By By 0 Pe =By B ©

= Maxwell equations can be expressed in
Minkowski form as (in this form, it is fully covariant)

HY N —47J*,
. ijkl
eY IJ;; =),
2017.10.14. Soochow U EEP and its metrological foundation Ni 18

The constitutive relation of
i continuous medium:

= [ = \"Y(F},; afunctional with 6 independent
degrees of freedom

= For medium with a linear local response or in the linear local
approximation:

H = yik F,
with y¥¥ the (linear) constitutive tensor density
= For isotropic dielectric and isotropic permeable medium: 2 dof
= for anisotropic dielectric and anisotropic permeable medium: 12 dof
= for general linear local medium (with magnetoelectric response), the
constitutive tensor has 21 degrees of freedom (with y7* = ki)

= Einstein 1916: GR, HY = (—g)2gh g/ F,; > M =
. (—©)"*[(112)g"* g" = (1/2)g" g¥]
i 1

2017.10.14. Soochow U EEP and its metrological foundation Ni 9

Vacuum is a medium &
i evolves with cosmology

= 100 ps after Big Gang (T=100 GeV)

Let there be light!

= photons came out from its
ancestors -- intermediate bosons

2017.10.14. Soochow U EEP and its metrological foundation Ni 20




History of the Universe

[’ Gravitational Wave
f €

i - -

Light
abundant:
gamma rays

Nuclear Fusion Begins

Nuclear Fusion Ends
Cosmic Microwave Background
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Age of the Universe

The early universe is filled with elementary particles or quantum fields
at a very high energy and temperature Why it needs quantum gravity!

particles

Expiormg the intrinsic correlation between the very small elementary
particles and the extreme large universe has been regarded as the

frontier of particle physics and cosmology in basic sciences

i Light, WEP I, WEP II & EEP

= Light is abundant since 1 ps (proton formation)
and earlier about 100 ps after big bang

= WEP I for photon in the spirit of Galileo: the light
trajectory is dependent only on the initial
direction — no splitting & no retardation/no
advancement, independent of polarization and
frequency

= WEP II, no polarization rotation

= EEP, no amplification/no attenuation, no spectral

distortion

2017.10.14. Soochow U EEP and its metrological foundation Ni 23

The ISSUE
(Why Minkowski Metric? from
gravity point of view)

How to derive spacetime structrure/the lightcone
from classical, local and linear electrodynamics

(i) the closure condition

(ii) The Galileo weak equivalence principle

(iii) The non-birefringence (vanishing double
refraction) and “no amplification/dissipation”
condition of astrophysical/cosmological
electromagnetic wave propagation from

observations
2017.10.14. Soochow U
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Premetric formulation of
electromagnetism

= In the historical development, special relativity arose from the
invariance of Maxwell equations under Lorentz transformation.

= In 1908, Minkowski [1] further put it into 4-dimensional geometric
form with a metric invariant under Lorentz transformation.

= The use of metric as dynamical gravitational potential [2] and the
employment of Einstein Equivalence Principle for coupling gravity to
matter [3] are two important cornerstones to build general relativity

= In putting Maxwell equations into a form compatible with general
relativity, Einstein noticed that the equations can be formulated in a
form independent of the metric gravitational potential in 1916 [5,6].

= Weyl [7], Murnaghan [8], Kottler [9] and Cartan [10] & Schrodinger
further developed and clarified this resourceful approach.

2017.10.14. Soochow U EEP and its metrological foundation Ni 25

Metric-Free and Connection-Free

= Maxwell equations for macroscopic/spacetime electrodynamics
in terms of independently measurable field strength F, (E, B) and
excitation (density with weight +1) HY (D, H) do not need metric
as primitive concept (See, €. g., Hehl and Obukhov [11]):
. Hi,=—4n J, e"f"lFW =0, (1

= with J* the charge 4-current density and /¥ the completely anti-
symmetric tensor density of weight +1 with €123 = 1. We use units
with the light velocity ¢ equal to 1.To complete this set of

equations, a constitutive relation is needed between the excitation
and the field:

2017.10.14. Soochow U EEP and its metrological foundation Ni 26

Constitutive relation : /7 = /% F,,.
Since both A7 and F,,are antisymmetric, /¥ must be
antisymmetric in /and j, and A and / Hence x/* has 36
independent components.

= Principal part: 20 degrees of freedom
= Axion part: 1 degree of freedom
(Ni 1973,1974,1977; Hehl et al. 2008 Cr203)
= Skewon part: 15 degrees of freedom
(Hehl-Ohbukhov-Rubilar skewon 2002)

Ak _ (P), ik, (SK)_ ikl | (A), gkl ik gtk _ ik
=y v e ot N ¢ it et

(P}xa_,r.-’\-.' =(1 6)[3(/_;# s /Hy ) — (xnh} 2 /‘;:k) =a2 (Zn',-k + /A-n)]
EA}_/,-H o 7[:}&;’} =0 f’.‘yH.
(Sk)/;ku’ =i(1 2) (/J.h' . f;’y )
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The ISSUE
(Why Minkowski Metric? from
gravity point of view)

= How to derive spacetime structrure/the lightcone
from classical, local and linear electrodynamics

» (i) the closure condition

» (ii) The weak equivalence principles for photons

= (iii) The non-birefringence (vanishing double
refraction) and “no amplification/dissipation”
condition of astrophysical/cosmological
electromagnetic wave propagation from

observations

2017.10.14. Soochow U EEP and its metrological foundation Ni 28




Skewonless case:
EM wave propagation

Since our galactic Newtonian potential U is of the order of 10'6,
we use weak field approximation in the ¥-g framework. The vacuum
Maxwell equation, derived from the Lagrangian (9), is

1Jki

Ak a) (19)
. ijke . .
Neglecting )( P in slowly varying field, (19) becomes
ijkt _
X A gy = 0 (20)

For weak field, we assume
. 13kl -
xl]k - X(O)l]k . X[l)ljk , 21
where
s ik 4 . .
X{O)IJ“E %—nl 11”L - %n”’ nkJ (22)
with nij the Minkowski metric and lx(l)'s | <<1.
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Dispersion relation and Nonbirefringence condition

B. Conditions for gravitational nonbirefringence —— Photons propagate
along a metric Hyp

Using eikonal approximation, we look for plane-wave solution
propagating in the z-direction. Imposing radiation condition in
the zeroth order and solving the dispersion relation for w, we obtain

o, =k {1+ H(Kkexpe «’{xl_x2)2+4x21} (23)

where
K = x(1)1010 ) 2)((1)1013 (1)1313
K, = (1)2020 _ 2X(1) 2023 [1}2323
1)1020 1)102 20 1) 132
- (1020 (1)1023 (1)13 (101325 (24)

Photon; with two different polarizations propagate with different speed

v+ = % and would split in 4-dimensional spacetime. The conditions for
no splkittlng (no retardation) is w,=w, i.e.

K1=K2, K = 0. (25)

(25) gives two constraints on x(l) 's.

The conditions for no splitting (no retardation) of electromagnetic
waves s)ropagatmg in every direction give the following ten constraints

on (1}1010 x(l]lSIS - X(l)zoza . X[1)2323
x(l) 1220 X(I) 1330 X(1)1010 y (D122 (13030 (1)3252
“ne H(I]ij , b and ¢ as
(1)2330 _ _(1)2110
X X ? p(D10 (101 _ 5 (11220
X(1)3110 - X( 1) 3220 p(D20 - (02 o, (12330
(D30 (103 -, (13110
X[l} 1020 _ 'X( 1)1323 , a2 M2, ()02
(123 _ ,(1)32 _ ., (1)2030
H = H = —2)( N
1)2131
Xu) 2030 _ 'X( ) s (D31 2 (1S, (3010
(1)3010 (1)3212 p(D1L 2 5 (12020, (1)2121 _ ,(1)00
X - : p(D22 2 5 (13030 ) (1)3252 _ (100
(1) 1320 - (1) 1230 . H(IJSS = 2)((1)1010 N 2)((1}1313 _ H(l)oo
X X ) b1 D122 1 (D00 (DI (D22
x[1]1320 _ _X{1)2310 , _ D33y M1 ()22
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Note that in these definitions H(l}00 is not defined and free. It is

straightforward to show that if the ten c???traints (26) are satisfied
then X can be written to first-order in ¥' ’'s in the form

1Jk£_ (- H)%(_Hlk HJQ §Hi£ ij)w . ¢eijk£ i (28)
vwhere

i o i3, gD g

H = det(Hij), (29)
jk k

ij = di 3

and
1, if (ijk&) is an even permutation of (0123),
eijkﬂ, -

-1, if (ijk#) is an odd permutation of (0123), (30)
0, otherwise,
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Table I. Constraints on the spacetime constitutive tensor ¥'* and construction of the

spacetime structure (metric

axion field ¢ =+

dilaton field ) from

experiments/observations in the skewonless case

™ Expeniment Constraints Accuracy
- Pulsar Signal Propagation ="
Radio Galaxy Observation | ™ — b2 (=h)*3[i* ' = ' iy + pe™ 107
Gamma Ray Burst (GRB) P
CMB Spectrum Measurement o S < 10~
<a>| <0.02,
Cosmic Polarization Rotation s : a |. e
Expenﬂ!n.t @ = 90 =0a)—>r <fa—<a>y>'"+
<0.03
Eén'és-Dicke-Braginsky v— 1 10-10
Vessot-Levine Redshift
: hoy = goo 14 x10*
Experiment
ughes- hy—> gy 10" U
. Oreves fype I3 4 nold
Experiments ho = 8o 10 -10
2017. ho — gw 10-10

The birefringence condition
in Table I — historical background

netic wave propagation [29-32]. We constructed the relation (8) in
the weak-violation/weak-field approximation of the Einstein Equiv-
alence Principle (EEP) and applied to pulsar observations in 1981
[29-31]; Haugan and Kauffmann [32] reconstructed the relation (8)
and applied to radio galaxy observations in 1995. After the corner-
stone work of Limmerzahl and Hehl [33], Favaro and Bergamin
[34] finally proved the relation (8) without assuming weak-field
approximation (see also Dahl [35]). Polarization measurements of
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[24]). Recent polarization observations on gamma-ray bursts gives even better
constraints on nonbirefringence in cosmic propagation [27.28]. The observation on
the polarized gamma-ray burst GRB 061122 (- = 1.33) gives a lower limit on its
polarization fraction of 60% at 68% confidence level (c.l.) and 33% at 90% c.l. on the
250-800 keV energy range [27]. The observation on the polarized gamma-ray burst
GRB 140206A constrains the linear polarization level of the second peak of this GRB
of 28 % at 90% c.l. on the 200-400 keV energy range [28]: the redshift of the source
1s measured from the GRB afterglow optical spectroscopy to be = = 2.739. Since
birefringence is proportional to the wave vector & in our case, as gamma-ray of a
particular frequency (energy) travels in the cosmic spacetime. the two linear
polarization eigen modes would pick up small phase differences. A linear polarization
mode from distant source resolved into these two modes will become elliptical during
travel and lose part of the linear coherence. The way of gamma ray losing linear
coherence depends on the frequency. For a band of frequency. the extent of losing
frequency depends on the distance of travel. The depolarization distance is
proportional to span Af of the frequency band x the integral 7 = J'{l + =(n)dr of the
redshift factor (1 + =(7)) with respect to the time of travel. For GRB 140206A. this is
about AfT=Af[(1+z()dt~2x 10°Hz x 10" s~2 x 10, (21)

Empirical
Nonbirefringence Constraint

Since we do observe linear polarization in the 202-400 kHz frequency band of GRB
140206A with lower bound of 28 %, this gives a fractional constraint of about 107*°

or better on a combination of y’s. A more detailed modeling would give better limit.

The distribution of GRBs is basically isotropic. When this procedure is applied to an
ensemble of polarized GRBs from various directions, the relation (20) would be

verified to 107*° or better. For a more detailed discussion, please see [29].

XM = (—=n)'2[(1/2)h* W — (1/2)h"hM |y + e

= to 10738, i.e., less than 1073% = O(M,\/M,anq0)?
a significant constraint on quantum gravity
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Empirical foundations of the closure
relation for the skewonless case

In terms of x.;,-“ (defined in (6)) and re-indexed x7. the constitutive tensor (20) is

represented in the following forms:

Krjk! = (1’2) jjmn Xmu.t! =(1/2) ejnn (—h')h: hmk hm‘ ) o‘fjﬂ- (22)
K= (1/2) gy (<1)" H™ By + 0 67 (&)

where d;" is a generalized Kronecker delta defined as

skl _ gk ol ol ok
dj =0; & —0; &)

(24) Less than 100 operations
The (generalized) closure relation is satisfied
ki ki =07 (12w + 9] + Pkt 0 =(1/2) 6] v* + 2«1 0.

From table I, this is verified to 10 <1038
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The Cosmic MW Background Spectrum:

2.7255 & 0.0006 K
i D. J. Fixsen, Astrophys. J. 707 (2009) 916

14007
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In this section, we derive the electromagnetic wave propagation
and the dispersion relation in dilaton and axion field. Let us begin
with the general problem of wave propagation in electrodynamics
(1a, 1b) with constitutive relation (2) for explaining and fixing the
scheme. The sourceless Maxwell equation (1b) is equivalent to the
local existence of a 4-potential A; such that

Fij=Aji—Aij (10)

with a gauge transformation freedom of adding an arbitrary gra-
dient of a scalar function to A;. The Maxwell equation (1a) in
vacuum with (3) is then

ijkl =
(x"Axi) j=0. (11)
Using the derivation rule, we have

XM Ak j+ x™ jAxi=0. (12)
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i Results

derived that the amplitude and phase factor of propagation in the
cosmic dilaton and cosmic axion field is changed by

(V(P1)/¥(P2))"? explikz — ike £ (—i)(¢(P1) — p(P2))t].

Constraint from CMB spectrum

|AY|/¥ < 4(0.0006/2.7255) ~ 8 x 1074, (33)

Direct fitting to the CMB data with the addition of the scale factor
¥ (P1)/¥(P2) would give a more accurate value.
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CMB observations

7 orders or more improvement in amplitude,
ilS orders improvement in power since 1965

= 1948 Gamow — hot big bang theory; Alpher & Hermann —
about 5 K CMB

= Dicke -- oscillating (recycling) universe: entropy -> CMB

= 1965 Penzias-Wilson excess antenna temperature at 4.08
GHz 3.5+1 K 2.5 4.5 (CMB temperature measurement )

= Precision to 10-3-% = dipolar (earth) velocity measurement
= to 105 1992 COBE anisotropy meas. = acoustic osc.

= 2002 Polarization measurement (DASI)

= 2013 Lensing B-mode polarization (SPTpol)

= 2014 POLARBEAR, BICEP2 and PLANCK (lensing & dust B-

mode)
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Three processes can produce CMB
i B-mode polarization observed

= (i) gravitational lensing from E-mode
polarization (Zaldarriaga & Seljak 1997),
= (i) local quadrupole anisotropies in the CMB within the
last scattering region by large scale GWs (Polnarev 1985)
= (iii) cosmic polarization rotation (CPR) | o
due to pseudoscalar-photon interaction_\ ok d . 3

E<) — | i

(Ni 1973; for a review, see Ni 2010). | % P
(The CPR has also been called
Cosmological Birefringence) | — |
= (iv) Dust alignment N B0 N\ o wse S
2017.10.14. Soochow U EEP and its metrological foundati | |

NEW CONSTRAINTS ON COSMIC POLAR-
IZATION ROTATION FROM DETECTIONS OF B-

MODE POLARIZATION IN CMB
Alighieri, Ni and Pan

. ool POLARBEAR |
- Cons|stent i e Tensorszr = 0.200) .
. _ OUUF wmes CPR ( <d0®> = 89 mrad®) T 7
with no CPR < — TotalB
:  0100F . polARBEAR
o
detection %5 000} 4 Sprog
; A e BICEP? _auuy
= The constraint = 44|
0.005 | ~
on CPR | ﬂ
. . 7 -, -0.317+0.23§
(.| 1 1 1 (- AN 1 S
fIUCtuatlon IS J ’01](] 20 50 100 200 500 1000 2000
about 1. 5 Shuvcie
Figure 3. Same as Figure 2, but for the POLARBEAR data points (purple filled
triangle). r is set to 0.2 to conform to BICEP2 data; the effect of setting rto 0.2
or to 0 for the fitting of the CPR fluctuation is small since the power contributed
by a non-vanishing r to the total power is small for the multipoles measured in
2017.10.14. Soochow U ggp the POLARBEAR experiment.

CPR Discussions (1404.1701)

i Ap. J. September 1, 2014

= We have investigated, both theoretically and
experimentally, the possibility to detect CPR, or set
new constraints to it, using its coupling with the B-
mode power spectra of the CMB.

Three experiments have detected B-mode
polarization in the CMB:

SPTpol (Hanson et al. 2013) for 500< /<2700,
POLARBEAR (Ade et al. 2014a) for 500<1<2100,
BICEP2 (Ade et al. 2014b) for 20</<340.
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Table I. Constraints on the spacetime constitutive tensor ¥'* and construction of the
spacetime structure (metric + axion field ¢ =+ dilaton field y) from
experiments/observations in the skewonless case

~ Expenment Constraints Accuracy]
b : : -16
' | Pulsar Signal Propagation 10 ‘
Radio Galaxy Observation | y* — %2 (=h)**[h™* ' — h* ¥}y + ge™ 107
Gamma Ray Burst (GRB) 107
CMB Spectrum Measurement v—=1 8x107
; e : <a>| < 0.02,
Cosmic Polanzation Rotation G50 ( Syin
. - (Ea)— <(a—<a>)y>"
: <0.03
Eotvos-Dicke-Braginsky v—1 | g
Experiments oy = goo 10°
Vessot-Levine Redshift
Experniment
hy = g, 104U
Hughes-Drever-type e il
; he = go 10" -10™
Experiments -10
2017. heo = g 10

Discussion

Looking for empirical evidence for going from
generalized to original closure relation also

= Skewonless case is summarized in Table I

= Skewonful case is summarized in Table II

= With the empirical constraints, axion, dilaton and Type II skewon
would warrant to be studied further in vacuum and in
cosmos. There are eight degrees of freedom. Among this
asymmetric metric would be to be explored for torsion, dark
matter, dark energy. Eddington, Einstein, Straus, Schrodinger ...
have considered this. It might be considered again in a different
way. Especially when skewon could be source for torsion (Hehl’s
talk in this workshop)
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Table II. 1%-order and 2**-order constraints on various constitutive tensors from
various experiments/observations.

Besfimgence ing s . Cosmuc
Constitutive tensor (m e D:.:gpmgn' Smo:copac polanzatnon
geometnc optics amplhification distortion b
approximation) g
Metric: % (—h)"“[h* K’ - <
3 N N
B ) No ° No No
Metne + dilaton: No (to all orders Yes N N
% (=h)[H* i = i h¥Je | inthe Seld) | (dilaton gradient) ° e
(_h:;,“}i: b gt 4 | Mo Cto all orders e & Yes (axion
= + et in the field) 2 N gradient)
?-!:n;;l:[i::l‘:::n -;?:%n: No (to all orders Yes N Yes (axion
" - g™ ¥| inthefeld) | (dilaton gradient) e gradient)
Memmec + type I skewon | No to first order Yes Yes No
: No to first order; | No to first order;
BEARE R R ves to 2* order no to 2* order He B
Metric = P9~ type IT | No to first order; | No to first order; No No
skewon no to 2™ order no to 2* order
As . .
}m:;uc: ;m . No (to all orders No No Yes (axion
. n, & 4 A in the field 2 > dient
% (-9)"*(¢"¢" - 4" ki e

Summary and Outlook

= We have derived empirically the Minkowski metric to
ultrahigh precision using the guide principle of weak
equivalence. From cosmic electromagnetic wave
propagation in various direction, it is verified to the order
of 10738, that is, to 107% x O([Myggs/Mpianck]?- This gives
constraints on theories of quantum gravity

= With the Minkowski metric there are axions and dilatons in
this derivation. Before the electoweak transition (< 1ps),
this gives some freedom in exploring early cosmology.

= Residues of these axions and dilatons may be detectable
or constrained in the later epochs

= Combined with Itin, Hehl and Obukhov approach
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Further Investigations

PHYSICAL REVIEW D 95, 084020 (2017)
Premetric equivalent of general relativity: Teleparallelism
Yakov Itin"

Institure of Mathematics, The Hebrew University of Jerusalem,
Jerusalem College of Technology, Jerusalem 91160, Israel

Friedrich W. Hehl’
Institute for Theoretical Physics, University of Cologne, 50923 Cologne, Germany
and Department of Physics and Astronomy, University of Missouri, Columbia, Missouri 65211, USA

Yuri N. Obukhov*
Theoretical Physics Laboratory, Nuclear Safety Institute, Russian Academy of Sciences,
B. Tulskava 52, 115191 Moscow, Russia

Lagrangian A=-(12)F AH A==(1/2JF A H,
Constitutive tensor ['ﬂrﬁ' i
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Unified field theory of basic forces and elementary particles
with gravitational origin of gauge symmetry in hyper-spacetime
Yue-Liang Wu*

*International Centre for Theoretical Physics Asia-Pacific (ICTP-AP), Beijing, China

- YInstitute of Theoretical Physics, Chinese Academy of Sciences (ITP-CAS), Beijing 100190, China
“University of Chinese Academy of Sciences (UCAS), Beijing 100049, China

1 1 i
Iy = /[d;r]x { §WFA\£’1(£(')M + gh Am ¥

1 r [ [ r .
D —4 ~-MNM'N’ TAB TA’B y MN
+o™" {'—'_'l'(\ABA'B‘ FunFvrne + WMWY

1 ot
; D =
+Q 1-:@‘1 X R&,}:{M -

—BEd*]} + 20 9n0Mm(x0"* 2ANM),

' L.

2=rMand AM=0,1,235,--,D; (D = 19]
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WEP II and GP-B
experiment sz

Experiment v[sem2] (=ém/1) Inl (= |6m/m|) Method

Hayasaka-Takeuchi (1989) (—9.8£0.9) x 10-% forspinup, Upto6.8 x 10~°  Weighing
+0.5 x 1077 for spin down

Faller et al (1990) +4.9 x 10717 <9 % 1077 Weighing
Quinn-Picard (1990) v < 1.3x 10710 <2 x 1077 Weighing
Nitschke—Wilmarth (1990)  |v]| < 1.3 x 10710 <5 x 1077 Weighing
Imanishi e al (1991) lv| £ 5.8 x 107" <2.5x%10°° Weighing
Luo et al (2002) v £33 x 107" <2 x 1078 Free fall
Zhou et al (2002) v] £2.7 x 1071 <1.6 x 1077 Free fall
Everitt et al (2008) 6.6 x 1071 <1 x 107" Free fall
[Vgial < 8.6 x 1072
Ni et al (1990) Vo] < 4.3 x 1073 <5 x 107° Weighing

Viowat] < 8.6 x 1073
[Vepinl < 14.7 % 10-%
Vo] < 8.3 x 1073 <7.1 x 107°
Vo] < 14.7 x 1073

Hou-Ni (2001) Torsion balance
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Gyro gravitational ratio

yrogravitational factor is defined to be the response of
an angular momentum in a gravitomagnetic field

= If we use macroscopic spin angular momentum in GR as
standard, its gyromagnetic ratio is 1 by definition

» As studied by Obukhov, Silenko & Teryaev (talk by
Teryaev), for a Dirac particle, the response of the spin of a
Dirac particle is the same in gravitomagnetic field, so its
gyromagnetic ratio should be 1 also. (See, also, Huang &
WTN, arXiv:gr-qc/0407115)

s Active frame-dragging of a polarized Dirac particle is the
same of that of a macroscopic angular momentum,
Andrew Randono Phys.Rev.D81:024027,2010
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Potential Experiments

to measure particle gyromagnetic ratio
-- probing the structure and origin of gravity

= Uusing spin-polarized bodies (e.g. polarized solid He3)
instead of rotating gyros in a GP-B type experiment to
measure the He3 gyrogravitational ratio (Ni 1983c). (or
HoFe, TbFe)

Loglasa"yl

‘\.

Spin-Mass coupling T\
wson = Before 2010 >DF ! ot

Recent results- § ~——copmmmcmmmesten

Fu’s talk (2013 = Proposed AXEL sensitivity [N 1996, 1598)
Duke, Indiana & | "mwieves S
Shanghai Jiaoton * i 3 : ;

<" Tullney’s talk

e, Heglon2
-40 o

Figure 4. Limits on o - » spin coupling for axion-like interactions
from various experiments.

m, feV) 4 1 | |
\ |14 ot af 1999}

= Atom interferometry (Berman 1997, Dimopoulos et al o\ e Yo\ e
2008), B+ \\\ \
= Nuclear spin gyroscopy (Kornack et al 2005), E: A \ i
comagnetometer (Allmendinger, Tullney, Changbo Fu talks {= e *m—-a-.f_”_l
= superfluid He3 gyrometry a7 -
= Precision needed: e.g., comagnetometer, measuring earth B e % o .
H H 4 4 3 3 " Interaction Fange logih) im
rotation to ~10-3, needs another 6-7 order of magnitude 0 0 G 0 e R
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c lists available at Sci Direct

Physics Letters B

www.elsevier.com/ocate/physletb

Improved constraints on monopole-dipole interaction mediated by
pseudo-scalar bosons

@ CrossMark

N. Crescini®"*, C. Braggio®, G. Carugno®, P. Falferi ¢, A. Ortolan®, G. Ruoso®

* Dipertimento di Fisica e Astronomig, Vi Morzolo 8 1-35131 Padove, lraly
B INFN, Laboratori Nezionali di Legnaro, Viale del"Universitd 2, 1-35020 Legnara, Padove, lraly
S5 1 Padove, laty

foop -38123 Povo, Trento, lraly
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Fig. 3. Schematic model of the apparatus. L = 1.8 pH is the input coil of the SQUID, 10 10 1075 imy
Ly = 1.8 pH is the pick-up coil wound on the G50 crystal. On the right side of the lati Ni
figure is represented a source mounted on the rotating wheel. foundation N1 55

Spin-Cosmos Experiments

H.osmic = C101 + G205 + C303

Table 6. Cosmic-spin coupling experiments using electron spins.
SE; =2(Ci + C_:)""E and § Ey = 2|C;| are the energy level splitting
parallel and transverse to the Earth’s rotation axis, respectively.

Allmendinger et al. (talk)
As (for polarized valence n)

. SE, SEy
a result we obtain an upper Reference (10-%)eV  (10-"%)ev
limit on the equatorial Phillips (1987) <85 N.A.
Wineland er al (1991) <550 <780
c_omponent gf the_background bt o o
field interacting with the Wang et al (1993) <39 N.A.

. Chang er al (1995) <30 N.A.
spin of the bound neutron Berglund eral (1995) <1.7 N.A.
~bnl < 8.4 X 10734 GeV Hou et al (2003) <0.06 <14

Heckel et al (2006) <0.0004 <0.01

(68% C.L.). Our result
improves our previous limit

(data measured in 2009) by a

factor of 30 and the world’s
best limit by a factor of 4.

2017.10.14. Soochow U
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b [=(C}+CH'*] < 1.5x10-31GeV

b5 1[= |C3]] € 5x10-39GeV

ng,r electron
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for EP experiments with polarized bodies &
Spin-Spin Experiments, see following

= W.-T. Ni, Equivalence principles, spacetime structure and
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through this non-SC region, and SC current
flows.
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R. Steiner (2013)

Table 1. List of inferred values for i from different measurement techniques.

s MAEMEENEMREENMAR > EULGERAEEMEERF[EEMR Relative standard
BENME- Planck / value uncertainty (x107%)  Method Source
6.626071(11) x 107*Js 1.6 [0 (H)  NIM-1995 [69]
6.6260729(67) x 107*Js 1.0 I'p—0 (H)  NPL-1979 [70]
6.6260657(88) x 107*Js 1.3 Fyo NIST-1980 [71]
6.626 068 4(36) x 107¥*Js  0.54 K, NMI-1989 [72]
6.6260670(36) x 107*Js  0.63 K; PTB-1991 [74]
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Balance Beam
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Figure 10. The relative drift several of the kilogram Ptlr copies.
IPK is by definition the zero axis line.
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NErMEREE

R. Steiner (2013)

« 2011 ENERESEEAT > FAIE 150 »
ARFBRERREERT ©

. BIETEESHKRTTH > BT
2018FEEh o

-100 s

- TEERRFIAELE(IIRAE co e
ARERBHRT -200

1880 1920 1960 2000
Year

Figure 10. The relative drift several of the kilogram Ptlr copies.
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Students, Assistants and “post-docs” of
Stern who went on to win Nobel Prizes:
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“The Founding Father of experimental
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Fresnel, Nicolas Léonard Sadi Carnot, Michael Faraday, Rudolf Julius
Emanuel Clausius.

2 %1 : James Clerk Maxwell, Ludwig Eduard Boltzmann, William Rowan

Hamilton, William Thomson (Lord Kelvin), Hendrik Antoon Lorentz, John
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de Broglie, Max Born, Werner Heisenberg.
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