Axion-like Field in Cosmology
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Axion-like field: pseudo Nambu-Goldstone Boson (pNGB)
(approximate) shift symmetry ¢ — ¢ + C
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J — decay constant, scale for global symmetry breaking
A — scale for explicit symmetry breaking
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Condensation b+ 3Hp+m3p =0
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Inflation Driven by Axion-like Field
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Axion-like field as inflaton

Natural inflation model  Freese, Frieman and Olinto, PRL (1990)

V = A*(1 — cos ?)
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Difficulties
M}? 1 + cos % Mg COS % 5 Mg
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5l <1, f> M,/V2 Outside the range of validity of EFT

Quantum gravity eftects, e.q., virtual black holes, break global symmetries.

They are proportional to (Mi)” . unsuppressed.



Extranatural inflation, extra dimensional version of natural inflation
Arkani-Hamed, Cheng, Creminelli and Randall, PRL(2003)

—

5d model, 5th dimension compactified on a circle R
Abelian field Aa

No local potential, and non-local potential for Wilson loop
in the presence of charged fields in the bulk ¢ = i f Asde®

—

With massless charged fields, one-loop
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For sufficiently small 94, fer > M,
Quantum gravity corrections are negligible as longas R™' < M;

Virtual black holes cannot spoil gauge symmetry,
non-local effects suppressed by —27Ms&



Consider two fields coupling to As M; =0, My > R™!

L= %(5’@2 — Vo

where
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Extranatural inflation modulated by rapid oscillations

Slow-rolling is mildly broken

Overall picture of inflation is unchanged
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Axion-like Field as Cold Dark Matter

m = H,. > H,, ~ 10" %%V ¢

KeV axion dark matter —arly darl energy ark mz}ltter

A ~1TeV, f~ 102GeV, m ~ 1KeV /\VfAVAVwW t
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chmNM T. ~ 10°GeV . ;
P! H.~m  Structure formation
—uzzy dark matter
m = A—2 10~%%eV
f

T. ~ 500eV, f ~ 10'"GeV, A ~ 100eV

Hui, Ostriker, Tremaine, Witten, arXiv: 1610.08297



Axion-like Field as Dark Energy

¢ |

Slow rolling up to now

Dark energy
m = H. < Hy ~ 10"%%eV '

Shift symmetry guarantees the flat potential
Derivative couplings with other matter 0, ¢y~"~°v
Propagates spin-dependent force

No long range force superimposed between unpolarized objects



Coupling to photons via the Chern-Simons term

6 5¢ U Y 1 Ty T LY 1 Voo
L= 0, 0K" — — L, F" KV = AP, 9,K" = SFu P B = e p,

The rolling of dark energy picks out a preferred time direction

Lorentz and time reversal symmetries are broken, leading to CPT violation in photons

EOM v, = g 6w 7, F* =

Polarization direction of light gets a rotation
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Rotation angle
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CMB anisotropies

Stokes |
Stokes Q
CMB Maps
Planck2015
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E/B Decomposition of CMB Polarization

Seljak & Zaldarriaga, PRD (1997);
Kamionkowski, Kosowsky & Stebbins, PRD (1997)
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Scalar quadrupole, Tensor quadrupole,
azimuthal symmetric without azimuthal symmetry,

generates T and E generates T, E and B

a

Scalars
(Compression)

Tensors
(Gravity Waves)

Hu & White, astro-ph/9706147
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Boltzmann code: CMBFAST, CAMB, ...
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CMB power spectra changed by Chern-Simons coupling of axion-like field

CPT test with CMB
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|sotropic rotation

C,"B = CT ¥ sin(2a)

m () exp(+i2a(n)) +2Yi,m, (1)

Lue, Wang & Kamionkowski, 1999

: 1 .
CEEB = 3 (CfE — C’fB) sin(4cr)  Feng, Li, ML & Zhang, 2005

C,"F = CT'F cos(2a)
C,PF = CFF cos?(2a) + CPP sin?(2a)

C’éBB = C7" sin’(2a) + C7° cos?(20)

Produces TB and EB correlations
A new source for B-mode

Feng et al, 2006
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TABLE I: Summary of some measurements on the rotation angle

Group a (degree) Datasets
Feng et al. [26] —6.0£4.0 WMAP3+B03
Cabella et al. [35] —2.5+3.0 WMAP3
Xia et al. [36] —2.6+19 WMAP5+B03

WMAP Collaboration [37] —1.7+£2.1 WMAP5
WMAP Collaboration [38] —1.1+1.4 WMAPT
QUaD Collaboration [39] 0.64 +£0.50 QUaD

BICEP Collaboration [40] —2.77 & 0.86 BICEP1

Xia et al. [41] —0.04 £ 0.35 WMAP7+B03+BICEP+QUaD
Gruppuso et al. [42] —1.6+1.7 WMAP7Y
WMAP Collaboration [43] —0.36 + 1.24 WMAP9
a = —1.08" + 0.20° POLARBEAR, 2014
a=—1"+0.2° BICEP2, 2014
a=—0.2°40.5° ACTPol, 2014 e R
a = 0.31° £ 0.05° Planck, 2016 voal 1
S |‘\
};‘<103 \
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Credit: Siyu L1 .
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New source of B-mode

C’éBB = C/" sin?(2a) + CFF cos® (2a)

Same structure with EE spectrum
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J.Q. Xia, H. Li, X. Zhang, Phys.Lett. B687 (2010) 129-132

Needs de-rotation for primordial GWs detection
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Anisotropic CMB Rotation
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In general, the rotation angle 1s anisotropic ML&Zhang, 2008
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Power spectrum of anisotropic rotation angle
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Rotated spectra
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ML&Zhang, 2008; ML & Yu, 2013

Similar to Weak Lensing



Measurements or constraints on oo
anisotropic rotation angle Ea
method: binned power C/*¢ Sl
spectrum of

data: WMAP9+B03+BICEP1
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S. Li, J. Xia, M. Li, H. Li, X. Zhang,
ApJ. 799 (2015) 211



Constraints on anisotropic rotation

\/ Ce/(4m) < 1° WMAP7 Gluscevic et al, 2012

. A+1
C*(0) =) =, —Ci" <0014 WMAP9+QUaD+BICEPI ML & Yu, 2013
[

C(0) < 0.035 WMAP9+B03+BICEP1 Siyu Li et al, 2015

By assumption of scale invariant spectrum, no sum over I

[(1+ 1)

> C* < 3.1x107* POLARBEAR Ade et al, 2015
-

11+ 1)
2T

Cf*<0.33x107*  BICEP2/Keck Array Ade et al, 2017



Joint constraint on primordial gravitational waves and polarization rotation angle
with current CMB polarization data

Hua Zhai1’2, Si-Yu Li3, Mingzhe Li4, and Xinmin Zhangl’2
! Theoretical Physics Division, Institute of High Energy Physics (IHEP),
Chinese Academy of Sciences, 19B Yuquan Road, Shijingshan District, Beijing 100049, China
2 University of Chinese Academy of Sciences, Beijing, China
*Key Laboratory of Particle Astrophysics, Institute of High Energy Physics (IHEP),
Chinese Academy of Sciences, 19B Yuquan Road, Shijingshan District, Beijing 100049, China and
4 Interdisciplinary Center for Theoretical Study, University of Science and Technology of China, Hefei, Anhui 230026, China

Cosmological CPT violation will rotate the polarized direction of CMB photons, convert partial

CMB E mode into B mode and vice versa. It will generate non-zero EB, TB spectra and change
the EE, BB, TE spectra. This phenomenon gives us a way to detect the CPT-violation signature

from CMB observations, and also provides a new mechanism to produce B mode polarization.

In this paper, we perform a global analysis on tensor-to-scalar ratio r and polarization rotation
angles based on current CMB datasets with both low £ (Planck, BICEP2/Keck Array) and high ¢

(POLARBEAR, SPTpol, ACTPol). Benefited from the high precision of CMB data, we obtain the
isotropic rotation angle @ = —0.01° £ 0.37° at 68% C.L., the variance of the anisotropic rotation
angles C*(0) < 0.0032rad?, the scale invariant power spectrum D?e"[2,350] < 4.71 x 10~°rad? and
r < 0.057 at 95% C.L.. Our result shows that with the polarization rotation effect, the 95% upper
limit on r gets tightened by 17%.

1+ 1) arxiv:1910.02395, PLB(2020)

27

Binned power spectrum for Dp* = e

D (i), i=1~6 12, 350), [350, 700), [700, 1100), [1100, 1500), [1500, 2000), [2000, 2500]



TABLE I: 20 Constraints on r and polarization rotation angles.

- Prcom + 7 PrcoMm + 17+ @ Prcom +17+a +
Dg*(rad?)

r < 0.069 < 0.067 < 0.057

a = —0.1° £ 1.0° —0.01° £ 0.70°
Dg=(1) - = < 4.71 x 107°
Dg*(2) - - < 7.13 x 1074
Dg*(3) - - < 1.35 x 10732
Dg=(4) - - < 1.85 x 1073
Dg=(5) - - < 1.83 x 1072
D™ (6) - - < 2.08 x 1072
C*(0) - - < 0.0032
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The effects on CMB power spectra and bispectra from the polarization rotation and
its correlations with temperature and E-polarization

Hua Zhai'2, Si-Yu Li®, Mingzhe Li*®, Hong Li%®, and Xinmin Zhang!:2
! Theoretical Physics Division, Institute of High Energy Physics (IHEP),
Chinese Academg of Sciences, 19B Yuquan Road, Shijingshan District, Beijing 100049, China
University of Chinese Academy of Sciences, Beijing, China
‘K ey Laboratory of Particle Astrophysics, Institute of High Energy Physics (IHEP),
Chinese Academy of Sciences, 19B Yuquan Road, Shijingshan District, Beijing 100049, China
dInterdz'.«sc:*iplz'nary Center for Theoretical Study, University of Science and Technology of China, Hefei, Anhui 230026, China and
5Peng Huanwu Center for Fundamental Theory, Hefei, Anhui 230026, China

The Chern-Simons term, through which the cosmic Axion-like field couples to the electromagnetic
field, has the effect to rotate CMB polarization directions and to break the CPT symmetry. This

rotation will change the CMB power spectra, no matter isotropic or anisotropic the rotation angle is. arXiv:2006.01811
In this paper we revisit this issue by further considering the correlations between the (anisotropic) ' '

rotation angle o and the CMB temperature and (unrotated) E polarization fields. These correlations

could be generated in the Axion-like models with nonzero potential under the adiabatic initial
condition. We first investigate how these correlations contribute further modifications to the CMB

power spectra, then calculate the CMB bispectra for the temperature and rotated polarization

fields. These bispectra would vanish if the T'ae and E«a correlations are absent. So, they are useful
in searching for CPT violation and the T'a and Ea correlations arisen in the Axion-like models.

CMB power spectra and bispectra by Ta and Ea correlations
8¢ + 2Héd + a2V 8¢ + k25¢ = (3P + ) — 222V’

|— generated T and E maps on LSS



Further modifications to the power spectra

~ ~ 1
CF® + CPE

1

CEE _ BB 58_400(0) cos(4a) /dcosB e 1" B g o (B)
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L

T\alpha correlation has no contribution
Rotated TE and TB spectra are unatfected
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Bispectra of the rotated CMB fields generated with non-vanishing T\alpha and E\alpha correlations

T T T
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S
we introduce Z; that represents the kernel integration in the case of TT'P, defined as,

Il(sall‘23) — :sa Z /dQ YPQ n Yl m3(n) <allm1a£moa5q6286a(n)>

p>2,4q"

. isa _—9C= i, I 1
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2 “lohils \ my mo Mo

Details of other bispectra, TEE, TEB, TBB, EEE, EEB, EBB, BBB, can be found in arXiv:2006.01811

Usetul in searching tor CPT violation and the T\alpha and E\alpha correlations in the axion-like models
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Conclusions

In the context of 4d theories, inflation model with single axion-like field suffers from
theoretical difficulties. These may be circumvented in higher dimension theories.

Axion-like fields serve as good candidates for dark matter.

Axion-like field is a natural candidate for dark energy, which has a very flat
potential. Shift symmetry, derivative couplings.

Derivative coupling to photon, CPT violation, photon’s polarization rotation, can
be tested by CMB.
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