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Introduction — CMB observations

7/ orders or more improvement in amplitude,
i 15 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-G4 - dipolar (earth) velocity measurement
= to 10-®6) 1992 COBE anisotropy meas. = acoustic 0sc.

s 2002 Polarization measurement (DASI)

s 2013 Lensing B-mode polarization (SPTpol)

s 2014 Indication of Primitive 7ensor B-mode (r) (BICEP2)
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Example sensitivity goals
at 2008: Litebird
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= The measurement is based on the excitation of
the tWO flrSt hyperflne Ievels Of Carbon (C and Figure 5 Mezsurements of the cosmic microwave background radistion temperature at

various redshifts. The point at 7 = Oshows the result of the Cosmic Background Explorer

C+ |nduced by CO”'SlonS and by the tall Of the (COBE) determination”, T e (0) = 2.726 = 0.010 K. Upper limits are previous mes-

surements™® " using the same tachniques as we did. We also include our two new

CMB photon distributions. Nature 2000 T e 1 sk G0 < T < 40K 220771, s
(inconsistency : H2 and HD abundance A L '
measurement) (2001) 15 - ) \

= The cosmic microwave background
radiation temperature at z = 3.025

toward QS00347-3819, P Molaro et al
Astronomy & Astrophysics 2002
= Measurement of effective temperature

i i | | L]
at different redshift OO 1 9 3 4 5
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Measurement of the Ty 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: Tryp as a function of redshift. The red filled circles represent Toyg measured from the tSZ emission law in redshift bins of
Planck clusters. The green star shows COBE-FIRAS measurement at 7 = 0 (Fixsen 2009). The orange crosses show Toyp measurements using
individual clusters (Battistelli et al. 2002; Luzzi et al. 2009). Dark-blue triangles represent measurements from Cy and Cyy absorption (Cui et al.
2003; 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
lines (Srianand et al. 2008; Noterdaeme et al. 20011), 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 Timyp and the dashed black line represents our best-fitting model
2014.05. combining all the measurements. The 1 and 2o envelopes are displayed as shaded dark and light-gray regions. Bottom panel: deviation from the 5
*2 " standard evolution in units of standard deviation. The dashed and dotted black lines correspond to the | and 2o levels.



Power spectra of curvature and
i tensor perturbations

ns—1+ 4 dng/dInk Infk/k, )+ 1 d*ng/d Ink*(In(k/ k)0 +...
Prlk) = As (ﬁ:—) (10)
L m+1 dny/dInk In(k/k,)+...
P =] , (1)

where A, (A,) 1s the scalar (tensor) amplitude and n,(n,).
dns/dInk (dn,/dInk) and d°n./dInk* are the scalar (tensor)
spectral index, the running of the scalar (tensor) spectral index,
and the runming of the running of the scalar spectral index, re-

spectively.
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Slow-roll scenario as an example
single field, standard kinetic term

The homogeneous evolution of the inflaton field, ¢, is gov-
erned by the equation of motion

_ _ 212
$le) + 3H@)d(1) + Vs = 0, (1) MyVs
I
and the Friedmann equation ) M§| Vs
H = (50 + V) ) vV
T = —¢ + : 2
3Mp]2 7" . ;
Pilk.) o e N
thR 2v
= =~ lbe = —8n, . 22 ~
Plhl) l (22) A, T (14)
ns— 1 = 2y — 6ey (15)
consistency relation. This consistency relation n o~ —2ey (16)
dn/dInk = —16e/7y + 246 + 25 (17)
dn/dInk = —deyny + 86 (18)
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Constraints on Tensor-to-Scalar
Ratio r (= n./n,) before 2013.09.

Goal/Perspective

Experiment Constraint (precision)
WMAP 9 < 0.38
WMAP 7 + ACT < 0.28
WMAP 7 + SPT < 0.18
" oolarization <0110
PLANCK 0.0?
QUIET (15t session) 0.35*1.06_ o- (43 GHz) 0.1 (43 GHz)
QUIET (2" session) < 2.7 (20) (95 GH2) 0.01 (95 GH2)
POLARBEAR 0.007
B-pol, CMB-pol, Litebird 0.001
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PHYSICAL REVIEW D 86, 103508 (2012)

Gravity waves and non-Gaussian features from particle production in a sector
gravitationally coupled to the inflaton

= Nelil Barnahy,l Jordan Moxon.” Ryo Namba.! Marco Peloso.’ Gary Shiu,>** and Peng Zhou?

IV. MODEL II: VECTOR PRODUCED BY A

PSEUDOSCALAR INTERACTION
In this section we consider the following model

My 1
§ = ff.r\f—g[%ﬁ' —5(00)" = Vie)
= - J
infl El[{:l: sector

o ) LT
@Y~ UW) - F 4fFFJ]'

LN

Al
hidden sector

= ArXiv 1405.0346

= Blue Tensor Spectrum from
particle production during
Inflation, Mukohyama, Namba,

Peloco, Shiu
2014.05.22 HKUST
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FIG. 4. Two illustrative spectra of the tensor-to-scalar ra-
tio. The blue curve corresponds to the case in Example I,
and the red dashed curve to the case in Example II. See the
corresponding subsections for the details. The Planck upper

bound r < 0.11 at k& = 0.002 Mpc—! and the BICEP2 mea-
surement r = ﬂ.?ﬂ"_‘ﬂ:ﬂé at k = 0.0057 Mpe™" (£ = 80) are
also shown.
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Works present in this Workshop relating
to Axions and Pseudo scalar-photon
i (gauge) interactions

= Chor’s talk: Implications of the Tensor Mode
Detection by BICEP2 for QCD Axion

= Sam Wong’s talk: Helical inflation and Cosmic
Strings

= Namba’s talk tomorrow: Blue Tensor
Spectrum from Particle Production during
Inflation

= Kodama’s talk: Exploring the Axiverse by GWs
and y-rays
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Dynamics of Pseudoscalar field

oravitational Lagrangian Lg could be

1 |
Lg = (—) x (—g)*R(T jp), (28)
16
I 2 j j
L= (—) x (—g)'[R(T j) + ng @] (29)
167
or
| . _
Lg = (ﬁ) x (—g)'PleR(' i) — (1/@)o(@)eie'].

(30)

where n 1s a parameter and w () 1s a function of ¢ (N1 1983¢).
Various different extensions have been considered. many of

2014.05.22 | them are reviewed in Balakin and Ni (2010).
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Exploring the Axiverse and
bosenova ‘stars’ by CPR

= Monday talk by Kodama-san: Exploring the Axiverse by
GWs and y-rays

A 4-point P1 on
Last Scattering
Surface

Bosenova Dectector
‘stars’ At 4-point P2

= CPR rotation in phase: E[p(P2) — ¢(P1)] classically,
Independent of the Bosenova pseudoscalar potential if it
does not influence the P1 potential

= Quantum effects may need to and can be studied through

absorption, I.e., dichroism (due to pol-dependent absorption)
2014.05.22 HKUST CPR and Constraints from B-mode polarization W.-T. Ni 12



Three approaches to
Axions/Pseudoscalar-photon interactions

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

s 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"*’“{pﬁ“ﬂf 4 NI (1973, 1974, 1977) Pseudoscalar-photon coupling
'-’“{pFl-j "F EE[} - Peccei-Quinn (1977) Pseudoscalar-gluon coupling
Weinberg (1978) Wilczek (1978)
VAR 4 Carroll-Field-Jackiw (1990) External constant vector coupling




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

I
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(Mod Divergence)
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Einstein Equivalence Principle

i EEP

= Minimal coupling €-> EEP

= We heard of nonminimal couplings In this
workshop

= Looking for theoretical and empirical
foundations of EEP Is important

s | started in 1972 to work on this

2014.05.22 HKUST CPR and Constraints from B-mode polarization W.-T. Ni 15



Galileo EP =»Electromagnetism:
Charged particles and photons

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

ik (_g)llz[%gik_g il _%gilgkj Ll
(Pseudo)scalar-Photon
Interaction

2014.05.22 HKUST CPR and Constraints from B-mode polarization W.-T. Ni 16



Pseudo-scalars: Pseudoscalar-Photon Coupling
PHYSICAL REVIEW
LETTERS

VOLUME 38 14 FEBRUARY 1977 NUMBER 7

Equivalence Principles and Electromagnetism*

Wei-Tou Ni
Department of Physics, Montana State University, Bozeman, Montana 59715, and Depariment of Physics,
National Tsing Hua Untversity, Hsinchu, Taiwan, Republic of Chinat
(Received 16 June 1976)

The implications of the weak equivalence principles are investigated in detail for elee-
tromagnetic systems in a general framework. In particular, I show that the universality
1 ) of free-fall trajectories {Galileo weak equivalence principle (WEP[1]}} does not imply
&= =\ 757 )X "' Fy Fy = A, §%(=£)" the validity of the Einstein equivalence principle (EEP), However, WEPII] plus the uni-
167
versality of free-fall rotation states (WEP(II]) does imply EEP. To test WEP[II] and
ds - EEP, I suggest that Edtvis-type experiments on polarized bodies be performed,
_EF“: E{ o(X —X::’p
The nonmetric theory given by Eq. (9) may be
Theorem I.—For a system whose Lﬂg‘l’ﬂw related to the existence of parity-nonconserving
d ity i . b WEPE I ] holds i d onl field or spontaneously broken symmetry. Since
.em.-:z y 18 given 0y (1), f and only these concepts are quite fruitful in weak interac-
if tions and in obtaining unified weak and electro-
. ) magnetic theories, serious efforts deserve to be
gkl = a1s8ed ik §0 L _il__kj ijkl . . ! .
X =(=g) N zgteg" -z g + e, (9) spent in this direction for gravitation. Detailed
. . L analyses of this nonmetric theory and the E&tvis-
wheve ¢ is a scalay function of the gravitational type experiments on polarized bodies will be pre-

fields and €'/% = (- g)'%e!/* —n a Fermi-normal ‘sented elsewhere.



For the gravity theory (21) with an effective pseudoscalar,
discussed in sections 2.4 and 3.4, the electromagnetic wave
propagation equation is given by equation (23). In a local
inertial (Lorentz) frame of the g-metric, it is reduced to

Fr'.f:’k _l_E:'k.-m' ka@.! — (). (51)

Analyzing the wave into Fourier components, imposing
the radiation gauge condition and solving the dispersion
eigenvalue problem, we obtain Kk = @ + (n"p u+ @) for
right circularly polarized wave and kK = w — (n"¢,, +¢ ) for
left circularly polarized wave in the eikonal approximation (N1
1973, Carroll ef al 1990). Here n* 1s the unit 3-vector in the
propagation direction. The group velocity 18

v, = dw/ok =1, (352)

20140522 1ndependent of polarization.  There is no birefringence.



The ISSUE of testing EEP is the issue
of deriving the spacetime structure
i from experiments

= First step: How to derive spacetime
structrure/the light cone from classical, local
and linear electrodynamics

= EEP for light: (i) trajectory independent of
frequency (photon energy) and polarization: no
birefringence

(i) no polarization rotation (w.r.t matter spin)

2014.05.22 HKUST CPR and Constraints from B-mode polarization W.-T. Ni 19



Framework for testing EEP

Maxwell equations in terms of field strength Fu (E. B) and excitation HY (D, H)
do not need metric as primitive concept. Field strength Fi (E, B) and excitation A (D,
H) can all be independently defined operationally [1]. To complete this set of equations,
one needs the constitutive relation between the excitation and the field mm both

macroscopic electrodynamics and in space-time theory of gravity:
H7 = (1/2) "™ Fu. (1)

When Emstein Equivalence Principle 1s observed, this fundamental space-time tensor

density is induced by the metric g7 of the form

2= ()" (g —g" e, (g=(detg)?) 2)

-and the Maxwell equations can be derived from a Lagrangian density. In local inertial



‘_L Constitutive Law

= To complete this set of Maxwell equations,
one needs a constitutive relation between the
excitation and the field:

Hi = (1/2) ¥ F,,

= Since both /¥ and F,, are antisymmetric, Y/
must be antisymmetric in 7and 7, and Aand /.
Hence /¥ has 36 independent components.

2014.05.22 HKUST CPR and Constraints from B-mode polarization W.-T. Ni 21



Decomposition
i of the constitutive tensor

ikl ki Sk) ikl A) gkl ikl jikl __ gilk
/U {P}XU 4 }XU +{}/r,r (XU __A,'i' __,-{’y)

(P} {,rfnr_ (1,';6)[20(:;}.} _I_/kl’;g} (/nlﬂ;' _|_/Lmﬁ: n:i'fr_i_/ri?.’)]

(4), ;.UH f[g;'k.’] =g EEJH

{Sk}){ijﬁf _ (UZ) (,(UM _/{,H:_’;f )_-

= 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)

2014.05.22 HKUST CPR and Constraints from B-mode polarization W.-T. Ni
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Skewonless EM wave propagation
In local linear electrodynamics

Since our galactic Newtonian potential U is of the order of 10"6
we use weak field approximation in the ¥-g framework,

Maxwell equation, derived from the Lagrangian (9), is

¥

The vacuum

ijkR
S (19)

A 1jk& : .
Neglecting xljk D in slowly varying field, (19) becomes

3

ijki _
-x Ak,ﬂ’j b D° (20)
For weak field, we assume
[ L R L) R’ L
X1Jk _ X(O]l]k N X[l)leR’ (21)
where
o)ijk& 1 _ik _j& 1 _i j
R T L (22)

with n'? the Minkowski metric and Ix(l)'s b <<1,
2014.05.22 HKUST CPR and Constraints from B-mode polarization W.-T. Ni



Dispersion relation and Nonbirefringence condition

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

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

1 2 2
o, = & {1+ MK+ /(Kl—l(z) +4K%7} (23)
where
171010 111013 1 1313
‘, - LD _ 2D ey
112020 112023 1 2323
¢, = x(V 2y (D { )

K = 4 (11020 (1)1023 .(1)1320 L (11323 (24)

Photons with two different polarizations propagate with different speed

vi = 77— 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)
(1)

(25) gives two constraints on Y 's,



The conditions for no splitting (no retardation) of electromagnetic
waves §r0pagating in every direction give the following ten constraints
°Tl_X(]' 's: (D010, (11313 _ | (1)2020 , (12523

X - ,
X(lj 1220 X(U 1330 LD1010 (11212 (193030, (1)3252
(1) 2330 (12110 ne HUDA, y and g as
X - X ’ g(D10 - (101 _ . (1)1220
X(l)SllO - X(l) 3220 p(D20 _ (102 _ ) (1)2330
G130 _ (103, (1)3110
X(l) 1020 _ “X( 1)1323 ’ q(D12 - (021 _ 5 (191020
(1)23 _ .(1)32 _ . (1)2030
H = H = -2y ,
2030 132131
><(1) 030 _ ‘X( ) , (D31 (D13, (13010
(1)3010 (1)3212 G115 (12020 ) (12121 (1)00
X = =X (D22, (13030, ) (13252 (100
(1)1320 _ X(l) 1230 (D33, (11010, (1313 (100
X ’ b= 1 . 01212 %ﬂDO(Hmoo_ G011 (122
X(l) 1320 _X[1)2310 Cp(033y _p(mn 22

2014.05.22 HKUST CPR and Constraints o = 10123



Note that in these definitions H(I)DO 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 y* " “'s in the form

1Jk£_ (- H)%(_Hlk % %Hiﬂ ij)w . ¢eijk£ ’ (28)
where |

RENUNCE R LS Iy ,

H = det(H;.), (29)
H W - 6f
and
1, if (ijk{) is an even permutation of (0123),
ijke

-1, 1f (ijk2) is an odd permutation of (0123), (30)
0, otherwise, |

2014.05.22 HKUST CPR and Constraints from B-mode polarization W.-T. Ni 26



Table II. Empirical Foundations of the Einstein Equivalence

Principle.
Experiments Constraints Accuracy
i i j 3 i 3 i j - -
Pulsar Signal x)"%(-w) 2"t o Zpt Ry o gelIkE 197810710
Propagation
Hughes-Drever Hiy ™ 8y 10712
Experiments H g 10-7_10-8
Ol ou 4
> g 10
00 00
Eotvqs—chke— v oo 1 10-9
Braginsky 5
Experiments H - g 10°
00 00
Vessot-Levine 4
Redshift H -+ g 107
00 00

Experiment

* - ’ L s . . .
With the above constraints, xljki: (—g)z(%glkgjg- iglggkj) + q:ueljkR to
various degrees of accuracy, i.e. EEP is verified %0 various degrees of
accuracy except for the freedom in ¢.

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



Observational Constraints
from Pulsars

C. Observational constraints from pulsars.

In actual observations, the pulses and micropulses with different
polarizations are correlated in general structure and no retardation
with respect to polarizations are observed. This means that conditions
similar to (25) are satisfied to observational accuracy. For Crab
pulsar, the micropulses with different polarizations are correlated in
timing to within 107 'sec, the distance of the Crab pulsar is 2200 pc,
therefore to within 10" *sec/(2200 x 3.26 light yr.) = 5x10716 accuracy
two conditions similar to (25) are satisfied. Over 300 pulsars in dif-
ferent directions are observed. Many of them have polarization data.
Combining all of Eh?m, (26) 1is satisfied to an accuracy of 1071 _ 10716,
Since U ~n 10°°, X 1 /U (or X/U) agrees with that given by (28) to an
accuracy of 107°- 107'%, Detailed analysis will reveal better results.

. Thus, to high accuracy, photons are propagating in the metric field
HiK and two additional scalar fields ¢ and . A change of HiK to )H1K
does not affect y1Jk% in (28) this corresponds to the freedom of

H(1)00 in the definition (27) of H(1)1j, Thus we have eleven degrees of
freedom in (28).



Outlook for the future at 1983

extra-galactic pulsars & optical/X-ray observations

Recently, McCulloch, Hamilton, Ables and Hunt'? have observed a
radio pulsar in the large Magellanic Cloud, Backer, Kulkarni, Heiles,
Davis and Goss"® have discovered a millisecond pulsar which rotates 20
times faster that the Crab pulsar. The progress of these observations
would potentially give better constraints on some of the conditions (26)
due to larger distance or fast period involved.

Analysis of optical and X-ray polarization data from various astro-

physical sources will give better accuracy to some of the ten constraints
In (26). Results of this analysis will be presented in the future.

= Now constraining to 10732

2014.05.22 HKUST CPR and Constraints from B-mode polarization W.-T. Ni 29



Amplification/dissipation
constraint

In this section we look into the observations/experiments to constrain the skewon field
contribution to spacetime constitutive tensor density. If £ as defined in (36) 1s less than zero,

1e. (Agy — A(g})z + 4(®B)* < 4("¥B)?, the dispersion relation (34) is
0=K[1+% (o +doy) 2 (- 9] + o). [FEASIITL KT 5,
fkl[}ﬂ'[ = fkuu}{l + Zic)) d

= (1 4+ {zie)} )k eghita — 1),
exp(ikz — icwt) ~ explikz — ik (1 + 1/2 (4 + Awy) 1] exp(Eva(= O)2k)). (51)

The exponential factor in the wave solution (23) 1s of the form

There are both dissipative and amplifying wave propagation modes. In the small & limit, the
amplification/attenuation factor exp(2¥(—&)"*k7) equals [1 = (=5)"kf] to a very good
approximation. Since this factor depends on the wave number/frequency. it will distort the
source spectrum in propagation.

2014.05.22 HKUST CPR and Constraints from B-mode polarization W.-T. Ni 30



Type | skewons are
constrained to 1°/% to < a few x 107

For the highest frequency band @ i1s 2m = 857 GHz. The amplification/dissipation in

fraction 1s
Vo(— &)Yk < 45328 Gyr=3.8 » 10°° (- &% (53)

For the lowest frequency band @ 1s 2n =< 30 GHz: the effect 1s about £3.5 % of (53). From

CMB observations that the spectrum is less than 10 deviation, we have

(—HM <2610 (54)

12 _ ((Sk _ (k) (1D1020  (Sk) (1)1323  (Sk) (1)1023  (Sk) (1)1320; _ 10735
Vo(— &) |( }B|— Y5|(Bay — By)| = |( ), (} 4 ( );,(} _( }./(} _( }),(} [ < 1.3%107,
(55)
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Cosmic Polarization Rotation:

(1) test fundamental law of EM propagation;
(i) map the cosmic pseudoscalar field

For the right circularly polarized electromagnetic wave, the

propagation from a point P; = {x{,} = {Iﬂj;lﬁ}i =
0 .1 .2 .3 - _ ' _
{X(1y: X130 X(1y» X} 1O another point P, = {x;,} =

iIPg}; Iﬁ}i = {If&j.,r,:'g},xéj,xﬁz}}addsaphase ofa = @(Py)—

@( P)) to the wave; for left circularly polarized light, the added
phase will be opposite in sign (Ni 1973). Linearly polarized
electromagnetic wave is a superposition of circularly polarized
waves. Its polarization vector will then rotate by an angle «.
Locally, the polarization rotation angle can be approximated by

o = @(Py) —p(P1) =i Zjlpi x (x( — x(;))]
= i Tlp.iAx'] = p.oAx" + [ Tig, Ax"]
2014.05.22 HK  — fzg[vfﬂlj] = VoAx" + [ E? Vi Ax"]. (33)
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Space contribution to the local polarization rotation
angle -- [W213¢@,uAxu] = | V @] cos 8 Ax0. The time

ontribution is @,0 Ax0. The total contribution is
N | cos 8+ ¢,0) AxO0. (AxO0 > 0)

Intergrated:
velwon  @(2) - P(1)

1. a point at the
decoupling epoch
2: observation
point
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i Variations and Fluctuations

n Rotation @(2) - ¢(1)
s OQ(2) - 0(1): op(2) variations and

fluctuations at the last scattering surface of
the decoupling epoch,; op(1), at present
observation point, fixed

n </OQ(2) - Op(1)]"2> variance of fluctuation
~ [couplingk, X 10°\(-5)]"2

e 7he coupling depends on various
cosmological models
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Exploring the Axiverse and
bosenova ‘stars’ by CPR

= Monday talk by Kodama-san: Exploring the Axiverse by
GWs and y-rays

A 4-point P1 on
Last Scattering
Surface

Bosenova Dectector
‘stars’ At 4-point P2

= CPR rotation in phase: E[p(P2) — ¢(P1)] classically,
Independent of the Bosenova pseudoscalar potential if it
does not influence the P1 potential

= Quantum effects may need to and can be studied through

absorption, I.e., dichroism (due to pol-dependent absorption)
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Q & A Experiment and Measuring the
parameters of the PPM electrodynamics

B Photo Detector

, A A A A Ay o A Al
/ [777 777777 =
Laser Polarizer Analyzer

2014.05.22 HKUST CPR and Constraints from B-mode o\ T




Constraints on cosmic polarization
rotation from CMB

Reference Constraint [mrad] Source data
Ni(2005)™° +100 WMAP1(2003)’
Feng, L1, Xia, Chen, and R .
Zhana(2006) -105 £ 70 WMAP3? & BOOMERANG (B03)’
Liu, Lee, Ng(2006)° +24 BOOMERANG (B03)’
Kostelecky and Mews(2007)” 209 =122 BOOMERANG (B03)’
Cabella, Natoli and Silk(2007)" 43+ 52 WMAP3®
Xia, Li, Wang, and Zhang(2007)"" -108 + 67 WMAP3* & BOOMERANG (B03)’
Komatsu, et al.(2008)" .30+ 37 WMAP5”
Xia, Li, Zhao, and Zhang(2008)" -45 + 33 WMAP5® & BOOMERANG (B03)’
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WMAP9 and BICEP1 Constraints

. .

Experiment | Frequency Multipoles | CPR angle Reference
WMAP9 41,61.94 GHz | 2-800 -0.36°+1.24°+1.5° | Hinshaw et al 2012
BICEPI 100,150 GHz | 20-335 -2.77°+0.86°+1.3° | Kaufman et al 2014

N

.

The rotation angle given by the revision of BICEP1 data by Kaufman et al.
(2014) formally corresponds to a 1.78 sigma detection of CPR. However, taking into
account the uncertainties involved in the calibration of the BICEP1 polarization angle,
the problems 1n correcting for galactic Faraday rotation. (Section VI.B of Kaufinan et
al. 2014), and the inconsistency of this result with the one of QUaD, for which Brown
et al. (2009) give a CPR angle of 0.64°+0.5°(stat.)£0.5°(syst.), we do not consider this
CPR “detection” as final. Recently Gubitosi and Paci (2013) have reviewed the
constraints on CPR, but they have considered only those deriving from CMB

polarization data.
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Constraints on Cosmic Polarization
Rotation ¢(X, VY, z, t; Xg, Yo, Zgs 1p)

Method CB rotation Distance Direction Ref.

RG radio pol. |6] < 6° 04<z<15 all-sky (uniformity ass.)
RG radio pol. 0 =-0.6°x 1.5° <z>=0.78 all-sky (uniformity ass.)
RG UV pol. 0 =-1.4° + 1.1° z =0.811 RA: 176.37°, Dec: 31.56°
RG UV pol. 0 =-0.8° = 2.2° <z> = 2.80 all-sky (uniformity ass.)
RG UV pol. <02> < (3.79? <z>=2.80 all-sky (stoch. var.)
BO(:gAhl/BIEFI)?c;ﬁG 0 =-4.3°x% 4.1° z ~ 1100 all-sky (uniformity ass.)
CMB pol. QUAD 06 = 0.64° = 0.71° z ~ 1100 all-sky (uniformity ass.)
CMB pol. BICEP 0 =-2.6°% 1.2° z ~ 1100 all-sky (uniformity ass.)
CMB pol. WMAP7 0=-1.1°=% 2.0° z ~ 1100 all-sky (uniformity ass.)
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Three processes can produce CMB
i B-mode polarization observed

= (1) 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)

s (1) cosmic polarization rotation (CPR
(i p CPR) |

due to pseudoscalar-photon interaction __~ = °~ e |
(NI 1973; for a review, see Ni 2010). | N N/
(The CPR has also been called
Cosmological Birefringence) | s _ N |

2014.05.22 HKUST CPR and Constraints from B-mode polarizat / ‘ | \



NEW CONSTRAINTS ON COSMIC POLAR-
|ZATION ROTATION FROM DETECTIONS
OF B-MODE POLARIZATION IN CMB

Alighieri, Ni and Pan

2014.05.22 HKUST

00 2000

CPR and Constraints from B-mode polarization

TensorB(r=0.188)

W.-T. Ni
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For CPR fluctuation in a patch of sky, the rotated B-mode £-power spectrum C;°” obs

~ ~EE o . r | : :

from E-mode power C; for /=30 and for small CPR angle ¢ is accurately given by
~BBobs _ ~EE _: 2 2 ~EE
Ci7% = O sin"(Qu) = 4a” Cj . (12)

This can be shown by comparing the E-mode power spectrum from Figure 10 of
Lewis & Challinor (2006) and the B-mode power spectrum from Fig. 5 of Zhao & Li.
They are almost identical up to a scale 40”.

The present BICEP2 data group about 20 azimuthal eigen-modes into one band:
C(£) 1s virtually equal to one. We will set it to ./ m our analysis. For precise
measurement of variations/fluctuations, direct processing of data without first

evaluation of the / components may be an alternative method.

= BICEP2 had made about 1 degree
global (whole patch) de-rotation for B-
mode
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In the propagation, E-mode polarization will rotate into B-mode polarization

. . 72 2 : . .
with sin“2a (=4a” for small a) fraction of power. For uniform rotation across the sky,
the azimuthal eigenvalue £ 1s invariant under polarization rotation and does not

change. For small angle,
a = ¢(P>) - o(P1) = [¢(P2) - @(P1) lmean + 00(P). 9)
@ = <a> = ([9(P2) - 9(P1)]mean)” + 89" (Py). (10)

where a = <a™>""" 1s the root mean-square-sum polarization rotation angle.
In translating the power distribution to azimuthal eigenvalue variable £, we need

to insert a factor {(£)=/ in front of §,¢°(2) to take care of the nonlinear conversion to

£ due to fluctuations. For uniform rotation with angle a across the sky, the rotation of

(original) E-mode power C/°F into B-mode power CP5°% is siven by (see. e.g.. Zhao
g P p £ y 8

& L1, 2014):

CP50% = CFE sin’(2a). (11)
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NEW CONSTRAINTS ON COSMIC POLAR-
|ZATION ROTATION FROM DETECTIONS
OF B-MODE POLARIZATION IN CMB

Alighieri, Ni and Pan

2014.05.22 HKUST

00 2000

CPR and Constraints from B-mode polarization

TensorB(r=0.188)

W.-T. Ni
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CPR fitting to BICEP2 & SPTpol

= Our fits give r = 0.18+-0.03 and a,? = n?<a>2 + <0a*> =0.000667+-
[10.00052, where (1—n) is the efficiency in the uniform angle de-rotation,
which is sometime applied to the measured CMB Q and U maps to
compensate for insufficient calibrations of the polarization angle (Keating
et al. 2013).

= This value of a, results in an upper limit a, < 0.0345 rad (1.97° ).

10.186

14.0}

10.182

PR -
=~ |35

0.179
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i Discussions (1404.1701)

= 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<I<2700,
= BICEP2 (Ade et al. 2014b) for 20<I<340, and
= POLARBEAR (Ade et al. 2014c) for 500<I<2100.

2014.05.22 HKUST CPR and Constraints from B-mode polarization W.-T. Ni
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Two Issues In practical realization

= First, in order to eliminate the observed excess of TB and EB
power over the lensing expectations, the BICEP2 and the
POLARBEAR collaborations have applied a de-rotation of ~1° to
the final Q/U maps by minimizing the TB and EB power, since
they cannot calibrate the overall polarization angle at this level
of accuracy (Kaufman et al. 2014).

= By minimizing the TB power, the mean pseudoscalar polarization
rotation angle is de-rotated by 2a and only the fluctuation part
remains included in the BB polarization spectra. Minimizing EB
power, the mean pseudoscalar polarization rotation angle is also
de-rotated by about 2a. So the constraint on a is on the
fluctuations and the leftover a of ¢ to the precision of rotation.
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i Two Issues In practical realization

= The SPTpol collaboration have not explicitly de-rotated
their polarization data, but state that, although they
have corrected for leakage of the CMB temperature
Into polarization (I = Q and U), the effect of this
correction on the measured polarization amplitude Is
less than 0.10 (Hanson et al. 2013).

= They also state that their systematic uncertainty on the
polarization angle is less than 1° at 150 GHz.
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Possible contamination of B-mode power
spectra due to foreground anisotropies

= The second practical issue is related to : the galactic ones are
minimized by a careful selection of the observed sky regions, while
those due to distant FIR-luminous galaxies can have an effect at
|I>500 (e.g. Holder et al. 2013).

= However, the SPTpol team has applied a correction derived from
Herschel data (Hanson et al. 2013). On the other hand the
POLARBEAR collaboration finds that the foreground contamination is
negligible and have not corrected for it (Ade et al. 2014c).

= We notice that the POLARBEAR data on CBB at |I=700 (the only one
with S/N>1.5), which is not corrected for foreground contamination, is
consistent with the higher S/N SPTpol data, which have been
corrected, giving us some confidence that the correction should not
have an adverse influence.
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Outlook

= 100 GHz Keck Array data will be available soon

= Three frequency BICEP3/Keck Array data (coming 20157?),
should be able to characterize foregrounds

= Planck will soon release its polarization data which will be
extremely valuable for our understanding of foregrounds
because of its frequency coverage

= |If pseudoscalar-photon interaction exists, a natural cosmic
variation of the pseudoscalar field at the decoupling era is
10-5 fractionally. The CPR fluctuation is then of the order
of 10-5¢qdecoupling-era. We will look for its possibility of
detection or more constraints in future experiments.

= Next generation missions would be able to probe this
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Primordial GW detection In
i space 2035+

= eLISA is planned for Launch in 2034.
Assume 1-year transfer to science orbit

configuration, observation could start In
2035

= Large r makes the possible detection of
orimordial GWs realistic. After 2035,
oroposals like ASTROD-GW, BBO and
DECIGO have chances to be implemented.
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‘L Summary

= CPR Is a way to probe pseudoscalar-photon
Interaction and a way to probe inflation dynamics,
especially in view of a possible high r

= New CPR constraints from B-mode are explored

= De-rotation is a way to measure CPR with calibration
accuracy

= CPR Is a means to test EEP or to find new physics

= From the empirical route to construct spacetime
structure, axion and type Il skewon are possibilities

which could be explored further
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