Cosmic Polarization Rotation
and
Pseudoscalar-Photon Interaction

Wei-Tou Ni & Sperello di Serego Alighieri
Tsing Hua U., Hsinchu, Taiwan, ROC; Arcetri Observatory, Firenze, Italy

Related talk and Poster: Gruppuso, Planck constraints on parity and birefringence
S. di Serego Alighieri and WTN, Searches for CPR (Poster)

Ref.: [1] W.-T. Ni, PLA 378 (2014) 1217-1223; RoPP 73 (2010) 056901
[2] W.-T. Ni, Dilaton field and cosmic wave propagation, PLA 378 (2014) 3413
[3] S. di Serego Alighieri, W.-T. Ni and W.-P. Pan, Astrophys. J. 792, 35 (2014).

2014.12.05 PLANCK2014 CPR and PS-P Interaction Ni & di Serego Alighieri



Outline

= Introduction — 3 processes to produce B-mode

= Equivalence Principles, Electromagnetism, & the
Cosmic Connection — Axion, Dilaton and Skewon

s Photon sector

Nonbirefingence

axion, dilaton, skewon

variation of fundamental constants?
s Observational constraints on CPR
= Summary

2014.12.05 PLANCK2014 CPR and PS-P Interaction Ni & di Serego Alighieri



Let there be light!

History of the Universe
Grav |!;].1_u;-n.;1'_".'|."ﬂ‘-":'_b

Inflation
Generates
Two Types of 4 4 : t

Waves Waves Imprint Characteristic
Density Waves Polarization Signals

1102 B B
Light abundant at

. Froe Elactrons / Earliest Time
100 ps (~100 Gev):  sarertion/  |vsblewtnlon g

gamma rays |

Fluctuations

_ uantum

©

Cosmic Mig@wa(E Yackground

Maodem Univierse

Nuclear Fusion Begins
Nuclear Fusion Ends

A

Radius of the Visible Universe

|

0.01s 3min 380,000 yrs 1 3.8 Billion yrs

2014.12. Age of the Universe




B-mode production: 3 processes

o (1) gravitational lensing from E-mode (iv) dust
polarization (Zaldarriaga & Seljak 1997), alignment
= (i) local quadrupole anisotropies in the CMB within the
last scattering region by large scale GWs (Polnarev 1985)
= (llI) cosmic polarization rotation (CPR)

due to pseudoscalar-photon interaction | / VAR
(Ni 1973; for a review, see Ni 2010). — Be0 — \ E>0 ’
Propagation effect due to changing Pseudoscalar: / ‘ N\ N_/
the gradient gives a vector-> Chern-Simon theory
With an extra field as external field, the cosmos ‘ s . ‘
can have P, CPT and Lorentz asymmetrry RN w0 S

(The CPR has also been called Cosmological Birefringence) ‘ |
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Light, WEP I, WEP I

i & EEP

= Light is abundant since 100ps B s
(Electroweak phase trans.) or earlier after Big Bang

= Galileo EP (WEP 1) for photon: the light trajectory
IS dependent only on the initial direction — no
splitting & no retardation/no advancement,
Independent of polarization and frequency

= WEP Il, no polarization rotation

= EEP, no amplification/no attenuation, no spectral
distortion
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The ISSUE

(Why Minkowski Metric? from
i 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

= (Ill) The non-birefringence (vanishing double
refraction) and “no amplification/dissipation”
condition of astrophysical/cosmological
electromagnetic wave propagation from
observations
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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] & Schrddinger
further developed and clarified this resourceful approach.
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i 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, e. g., Hehl and Obukhov [11]):

o Hi, =—4nJ,  eWMF,=0, (1)

= with J¥the charge 4-current density and e the completely anti-
symmetric tensor density of weight +1 with e%23 =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:

. Hii = ik (2)
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Constitutive relation : A/ = /% F,..
Since both A/ and F,, are antisymmetric, x/¥ must be
antisymmetric in 7and /, and k£ and /. Hence /¥ 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)

ikl _ ikl | (Sk), ikl | (A), jijki ikl ik gjlk
’(J {P}},J _|_{ }X,r _|_{)’{,Jﬁ (A’J — /J — ’{,J)

(P} ;,rfrf _ (1f6)[2()/"'”u + /kl’y ) (/H;' +ﬁik nI,r.fr _i_/riﬂ)]
(A), ;,Ufff — X[LFH] =g EHH
{Sk}/_,rfrf _ (lf;z) (/uil’ /k.’;;r' )-.
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Related formulation in the
i photon sector: SME & SMS

= The photon sector of the SME Lagrangian is given by £,/
=~ (1/4) F, F# — (1/4) (Ke) P F + (112) (Kpp)e g AP
(equation (31) of [7]). The CPT-even part (—(1/4) (kg),,,,F* F*)
has constant components (k),;,, which correspond one-to-one to
our y’s when specialized to constant values minus the special
relativistic y with the constant axion piece dropped, i.e. (kg)“ =
21— (112) (g — v p#). The CPT-odd part (k,e)* also has
constant components which correspond to the derivatives of
axion ¢,* when specilized to constant values.

= SMS in the photon sector due to Bo-Qiang Ma is different from
both SME and y#-framework.
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The ISSUE

(Why Minkowski Metric? from
i gravity point of view)

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

= (1) the closure condition

= (II) The Galileo weak equivalence principle

= (1) The non-birefringence (vanishing double
refraction) and “no amplification/dissipation”
condition of astrophysical/cosmological
electromagnetic wave propagation from
observations
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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

ik,

(X = 0.

k, %, ]

Neglecting xljkg p in slowly varying field, (19) becomes
3

ijki _

X Ak,lj = 0.

For weak field, we assume

- 1R .
X1Jk _ X(O]l]k N X[l)leR’

where

ijke_ 1 _ik _jg
_X(O)lJ o1 ik ]

i% ki
Vi n n

21
2

with n'? the Minkowski metric and Ix(l)'s b <<1.
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Dispersion relation and Nonbirefringence condition

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

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

w, = k {1+ %{(K1+K2)i w/(Kl_K2)2+4K2]} (23)
where
(, - (D010, (1)1015  (1)1313
_ (12020, (1)2023 | {1)2323
f2 7 X 1 1020_2X 13102
€ = D . (11023 (1)1320 . (1323 (24)

Photon§ with two different polarizations propagate with different speed

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

K, =K, , K=o0. (25)

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



The conditions feor no splitting (no retardation) of electromagnetic
waves ?ropagatlng in every direction give the following ten constraints

on K (D1010 (11313 (12020 (132323
(1)1220 )((1) 1330 >((1)1010 N X(1)1212 ) K(l] 3030 X(1)3232
e H(ljij , Y and & as
(1) 2330 _ (1)2110
X X ? p(D10 - (101 5 (1)1220
X(l]SllO - X(l) 3220 p(D20 _ (o2 _ ) (1)2330
g(130 _ (103 ) (1)3110
X(l) 1020 _ _X(1]1323 ’ g(D12 (21 -, (1020
(1323 _ .(1)32 _ . (1)2030
H = B = —2){ 3
)((1) 20350 —)((1}2131 , QD31 (D13 - ) (1)3010
11 _ 2020 12121 1) 00
(1)3010  (1)3212 gD 2 5, (12020 5 (D21t (o0
X = =X ’ (122 - 5 (133030 |, (13232 _ ,(1)00
X(1) 1320 _ (11230 (B33 o5, (D100, 5 (D131 (100
bz 14 (D212, %ﬂoo(“(l)oo‘ g(D11 (122
X(l) 1320 _x[1)2310 _p(D33y | pmn
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Note that in these definitions H(I)OO is not defined and free. It is

straightforward to show that if the ten C?thraints (26) are satisfied
then x can be written to first-order in y* “'s in the form

IR itk IR | Lyt pkdyy L gtk (28)
where | |

aid o opid L gD ‘

H = det(Hij), (29)

H Wk -6l

and
1, if (ijk{) is an even permutation of (0123},
ke

=4-1, if (ijkf) 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

™

2014.
PLAN!

spacetume structure (metric + axion field ¢ + dilaton field ) from
experiments/observations 1n the skewonless case
Expenment Constraints Accuracy
Pulsar Signal Propagation 107
Radio Galaxy Observation | ¥ — % (—=h)*[h* ¥’ — ¥ i¥yr + g™ 107
Gamma Ray Burst (GEE) 107
CMB Spectrom Measurement w—1 8 =10
. . . “g~| = 0.02
Cosmic Polanzation Rotation _ \1m
Experiment @—@Ea)—>0 fa— ===
- 0.03
Edotvds-Dhicke-Braginsky w—1 101
Experiments hog — £ 107
Vessot-Levine Redshifi Py
_ Hag —* fw 1.4 =10
Expenment
hy—> g, w* U
Hughes-Drever-type ' EPRR
- _ ¢ hp, —* P 107 -10™
xperiments
oo — goo 107




Three approaches to
Axions/Pseudoscalar-photon interactions

= Top down approach — string theory
= Bottom up approach — QCD axion

= Phenomenological approach -- gravitation
Table 1. Various terms in the Lagrangian and their meaning.

Term Dimension  Reference Meaning

e’ A, Fp, 3 Chern-Simons (1974) [ntergrand for topological invariant

e'ﬂ”{pFl--FH 4 Ni (1973, 1974, 1977) Pseudoscalar-photon coupling
g IV g Peccei-Quinn (1977) Pseudoscalar-gluon coupling

Weinberg (1978) Wilczek (1978)
Carroll-Field-Jackiw (1990)

External constant vector coupling




@. Pseudoscalar field or
pseudoscalar function of
i gravitational or relevant fields

I

mil

- ;J#.J‘HI.F"“'.

~EQ, A FH
~ & (LI2)QF, F™

(Mod Divergence)
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Galileo EP =»Electromagnetism:
Charged particles and photons

Special Relativity
Ly =~ R - A ) - E m - )
— O framework
L =) 2R Ry = A0 = X m, (-,
Galileo EP constrains  X.:

P (_g)llz[%gik_g il _%gilgkj L)
(Pseudo)scalar-Photon
Interaction
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Table II. 1%-order and 2"“-order constraints on various constitutive

various experiments/observations.

fensors from

% -9 la"g" —d'q")

in the feld)

Birefningence :
. o : Cozmc
: (1n the Dizs=ipation/ Spectroscopic .
Consttutive tensor ) . . polanzahon
geometric optics amplification distortion .
; rotaton
approximation )
. P WZpp i p i
Meatnie: b2 l:. h.].l [ & Mo Mo Mo o
h' k7]
Metnc + dilaton: Mo (to all orders Yes N -
Yo (=) IR B - B W)y | inthe field) | (dilaton eradient) ? “
Metnc + axion: . :
i (i) I B — b R N-:.r (to all orders Mo Mo Yes I.::.iz':mu
- pet 1n the field) eradient)
F{ET:} |_ [iﬂa:jri;.ﬁf]n: Mo (to all orders Yes . Yes (axion
b wi | inthefield) | (dilaton gradient) ? eradient)
- ge
Metnie + tvpe I skewon | No to first order Yes 85 Mo
: Mo to first order; | No to first order;
M + skew . :
Meme + type Il skewon ves to 2™ arder no to 2™ order Mo Mo
Metric + 'y'*'+ type I | Mo to first order; | No to first crder; Mo Mo
skewon no to 2™ order no to 2™ order
Asymmetnic metnc _ _
induced Mo (to all orders o o Yes (axion

eradient




The birefringence condition
In Table | — 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
129-31]; 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
134] finally proved the relation (8) without assuming weak-field
approximation (see also Dahl [35]). Polarization measurements of

2014.12.05
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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 (z = 1.33) gives a lower limit on its
polarization fraction of 60% at 68% confidence level (c.1.) and 33% at 90% c.1. 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.1. on the 200-400 keV energy range [28]: the redshift of the source
1s measured from the GRB afterglow optical spectroscopy to be z = 2.739. Since
birefringence is proportional to the wave vector £ in our case, as gamma-ray of a
particular frequency (energy) travels i 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 1s
proportional to span Af of the frequency band x the integral 7 = (1 + =z(¢))dr of the
_redshift factor (1 + (7)) with IE‘?»pELt to the time of travel. For GRB 140206A. this 1s

F about AfI=AfJ(1 +=2()dt~2 x 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
8

140206A with lower bound of 28 %, this gives a fractional constraint of about 10
or better on a combination of y’s. A more detailed modeling would give better limit.

The distribution of GRBs 1s basically isotropic. When this procedure 1s applied to an
ensemble of polarized GRBs from various directions, the relation (20) would be

verified to 10°° or better. For a more detailed discussion, please see [29].

X = (—m)2[(1/2)h ™R — (1/2)h"hM |y + pe™

= to 10738, i.e., less than 1073* = O(M,,/M14ck)
a significant constraint on quantum gravity
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Empirical foundations of the closure
relation for the skewonless case

In terms of xg‘w (defined 1n (6)) and re-indexed if . the constitutive tensor (20) 1s

represented in the following forms:

i = (1/2) ey (=)' " 1"y + 9 57 (23)

where J;" is a generalized Kronecker delta defined as

5K =5k ol — 5l oF okgess than 100 operations
The (generalized) closure relation Is satisfied

K K; =0; [(L"'Z)gg,r2 + [pz)] + @) K o =(1/2) 57 l‘,!/z +2 5 Q.

From table I, this is verified to 10X 10738
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The Cosmic MW Background Spectrum:

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

1400 T

No amplification/

No attenuation 1200f :

(No dilaton) .

No distortion : .t ! ]

(No Type | Skewon ¢ | { :

Redshifted(AcceIeratiﬁ“rJ -

Equivalent) S AN
quency (GHz)
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Measurement of the T¢yg evolution
from the Sunyaev-Zel'dovich effect A & A

G. Hurier', N. Aghanim', M. Douspis', and E. Pointecouteau®™ 2014
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Fig. 8. Top panel: Teyp as a function of redshift. The red filled circles represent Toyp measured from the (52 emission law in redshift bins of
Planck clusters. The green star shows COBE-FIRAS measurement at z = () (Fixsen 2009). The orange crosses show Troyp measurements using
individual clusters (Battistelli et al. 2002; Luzzi et al. 2009). Dark-blue triangles represent measurements from C; and Cyp absorption (Cui et al.
2005; Ge etal. 1997; Srianand et al. 2000; Molaro et al. 2002) at z = (1.8, 2.0, 2.3, 3.0). Blue diamonds show the measurements from CO absorption
lings (Srianand et al. 2008; Noterdaeme et al. 2011), and finally the light-blue asterisk is the constraint from various molecular species analyses
by Muller et al. (2013). The solid black line presents the standard evolution for Tioyp and the dashed black line represents our best-fitting model
2014.12.1 combining all the measurements. The 1 and 2o envelopes are displayed as shaded dark and light-gray regions. Bottom panel: deviation from the 27
"= standard evolution in units of standard deviation. The dashed and dotted black lines correspond to the 1 and 2o levels.



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) 1s 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

{‘:I:_'J]quk.f]J:I]' [:11}
Using the derivation rule, we have
XM A+ x™ Ak =0. (12)
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(1) For slowly wvarying, nearly homogeneous field/medium,
and/or (i1) in the eikonal approximation with typical wavelength
much smaller than the gradient scale and time-variation scale of
the field/medium, the second term in (12) can be neglected com-
pared to the first term, and we have

}!.'J]Hﬂk.u = 0. (13)

This approximation is usually called the eikonal approximation. In
this approximation, the dispersion relation is given by the gener-
alized covariant quartic Fresnel equation (see, e.g. [9]). It is well-
known that axion does not contribute to this dispersion relation
19,25,26,29-33]. Dilaton does not contribute to this dispersion re-
lation either. The generalized Fresnel equation is algebraic and ho-
mogeneous in the wave covector. Since the dilaton only gives a
multiplicative scalar factor in the equation, it does not change the

dispersion relation.

2014.12.05
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To derive the influence of the dilaton field and the axion field
on the dispersion relation, one needs to keep the second term In
Eq. (12). This has been done for the axion field in Refs. [21,25,26,

= 37-39]. Here we clevelup it for the joint dilaton field and axion
s ﬁelcl Near the origin in a local inertial frame, the constitutive ten-
sor density in dilaton field ++ and axion field ¢ [Eq. (9)] becomes

XM = [(/2m* " — /2m"n9]w (x™)
+@(xX™)e™ 4+ 0(8;x'x]). (14)

where n' is the Minkowski metric with signature —2 and §; the
Kronecker delta. In the local inertial frame, we use the Minkowski
metric and its inverse to raise and lower indices. Substituting (14)

into Eq. (12) and multiplying by 2, we have
YA+ YAl AT — AT T 2g @A =0, (15)
We notice that (15) is both Lorentz covariant and gauge invari-

ant.
2014.12.U5
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‘.h Results

derived that the amplitude and phase factor of propagation in the
cosmic dilaton and cosmic axion field i1s changed by

(¥ (P1)/¥r(P2))"* exp[ikz — ik & (—i)(@(P1) — @(P2))t].

Constraint from CMB spectrum

|Avr| /U < 4(0.0006/2.7255) ~ 8 x 1074, (33)

Direct fitting to the CMB data with the addition of the scale factor
Wr(P1)/4(P2) would give a more accurate value.

2014.12.05
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Dilaton and variation of constants

(v) In the very early universe, dilaton is sometimes postulated
to explain the inflation. The implication of these inflation models
to the subsequent evolution of dilaton field to the last scatter-
ing surface and thereafter should be thoroughly investigated as it
could be assessable to experimental tests

= Fritzsch et al, variation of the fine structure constant
(some astophysical observations)
s Shu Zhang & Bo-Qiang Ma, E*?:pzfz{] —5.1(;’—‘7)”},
(Possible) Lorentz violation e
from gamma-ray bursts n
n+1/ E
(10 G -2 )]
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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 3.51 K 2.5 24.5 (CMB temperature measurement )

= Precision to 10-G% - dipolar (earth) velocity measurement
= to 10-5-6) 1992 COBE anisotropy meas. = acoustic osc.

s 2002 Polarization measurement (DASI)

s 2013 Lensing B-mode polarization (SPTpol)

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

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

= (1) gravitational lensing from E-mode
polarization (Zaldarriaga & Seljak 1997),
= (1) local quadrupole anisotropies in the CMB within the
last scattering region by large scale GWs (Polnarev 1985)

= (i) cosmic polarization rotation (CPR) -
2N

due to pseudoscalar-photon interaction__ " “ e |

(NI 1973; for a review, see Ni 2010). | . -/

(The CPR has also been called

Cosmological Birefringence) | /S N\ |
= (Iv) Dust alignment B0 N /B0 )/

CPR and PS-P 1 ___ ‘
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See poster

1.000

i & ref's

The current combined evidence
so far is consistent with a null
CPR and upper limits are of the

order of 1 degree with
fluctuations constrained to
about 2 degrees.
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Table 1: A summary of CPR searches
Experiment CPR angle +stat (+syst) |Frequency or A |(Distance |Direction Reference
Resolved RG radic pol. | o=06%15" 3.8 cm <z=={)78 All-sky (uniformity ass.) Leahy 1987
RG UV pol. o= 8°+2 2° ~1300A <z>=7 B0 All-sky {uniformity ass.) di Serego A. et al. 2010
Resolved RG UV pal. a=1.4°£1.1" ~3000A =0.211 RA=176.4°, Dec =31.6° Wardle et al. 1997
RG UV pol. <> = (377 ~1300A <z=>=7 B0 All-sky (stoch. var.) Kamionkowski 2010
CMB pol. BOOMERanG | o=3.37+4.1° 145 GHz z~1100 RA~82°, Dec~—45° Paganc et al. 2000
CMB pol. QUAD o=-0.64"10.50°(20.50%) 100-150 GHz z~1100 RA-~82°, Dec—50° Ercwn et al. 2000
CMB paol. BICEPT a=2.77°£0.86%£1.2°) 100-150 GHz z-1100 -50°<RA<50° -70"<Dece-45 | Kaufman et al. 2014
CMB pol. WMAPD o=00.36°¢1_24%(+1.57) 7304 GHz z~1100 All-sky (uniformity ass.) Hinshaw et al. 2013
CMB pol. B-mode <Ba’> < (1.568°F 05-150 GHz z~1100 Various regicns di Serego A. et al. 2014




NEW CONSTRAINTS ON COSMIC POLAR-
|ZATION ROTATION FROM DETECTIONS OF B-

MODE POLARIZATION IN CMB
di Serego Alighieri, Ni and Pan
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Figure 3. Same as Figure 2, but for the POLARBEAR data points (purple filled

triangle). ris set to 0.2 to conform to BICEP2 data; the effect of setting rto 0.2

or to O 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
2014.12.05 PLANCK2014 CPR the POLARBEAR experiment.
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‘L Summary

s Pseudoscalar-photon (axion) interactions arisen from
the study of EP, QCD, string theory and pre-metric EM

= CPR Is a way to probe pseudoscalar-photon interaction
and a possible way to probe inflation dynamics,

= New CPR constraints from B-mode are summarized
= Good calibration is a must for measuring CPR
= CPR Is a means to test EEP or to find new physics

= From the empirical route to construct spacetime
structure, axion, dilaton and type Il skewon are
possibilities which could be explored further

2014.05.22 HKUST CPR and Constraints from B-mode polarization W.-T. Ni 38



Workshop on:
Cosmic Polarization Rotation:
from Galilean Principles to Cosmology

Thank you
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Wei-Tou Ni, Sperello di Serego Alighier
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Galileo's experiment on
INnclined planes (1592)

Galileo's Equivalence Principle
The trajectories of test bodies under gravity are the same,
independent of their compositions.

= The motion with constant force has constant acceleration. .

2011.01.13. Relativistic Gravity and its Empirical Foundations 40



CPR Discussions (1404.1701)

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<I<2100,
BICEP2 (Ade et al. 2014b) for 20</&<340.

2014.12.05 PLANCK2014 CPR and PS-P Interaction Ni & di Serego Alighieri 41



Discussion

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

= Skewonless case is summarized in Table |

= Skewonful case is summarized in Table Il

= With the empirical constraints, axion, dilaton and Type Il 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

various experiments/observations.

fensors from

% -9 la"g" —d'q")
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