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Axion: motivations
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Axion: motivations

» Axion can solve the strong CP problem.
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> Axions can be dark matter candidates.

1
a(t) ~ ag cos(mat), pa =~ Emgag.

P Axions are predicted by string theory:

extra dimension + gauge fields — axions.



Axion: detection

» Axion theories have rich phenomena in cosmology and
astrophysics, and large experimental efforts are devoted to
search for them.

> Loy = %g%aFu,,F“V, Lo = —%g—;c’)ua fT’y“’ysf.

P axion strings, axion domain walls...
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» When a linearly polarized photon passes through an axion
field, its polarization is rotated by an angle.
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Cosmic birefringence

» When a linearly polarized photon passes through an axion
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» Such a rotation angle is identified as a geometric phase
(Hoseini, Mehrafarin 2019). A formal QFT viewpoint was
given in (Baggio, Niarchos, Papadodimas 2017).
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Cosmic birefringence

» When a linearly polarized photon passes through an axion
field, its polarization is rotated by an angle.

» Such a rotation angle is identified as a geometric phase
(Hoseini, Mehrafarin 2019). A formal QFT viewpoint was
given in (Baggio, Niarchos, Papadodimas 2017).

» Rotation of the linear polarization of CMB photons (Lue,
Wang, Kamionkowski 1999; Minami, Komatsu 2020).

» Photons passing through axion topological defects: strings
and walls (Agrawal, Hook, Huang 2019; Takahashi, Yin 2020;
Jain, Long, Amin 2021).



» The Lagrangian

1 1 1 ,, 1lg
L= —ZF“”FW + Eaua(?“a — -—m3a° + Z%

> aF, Erv

> Parity odd: FF — —FF.

» The polarization rotation angle is
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Berry phase

» Cosmic birefringence is a
demonstration of Berry phase.

» Classical analogy of Berry
phase: parallel transport around
a closed path can rotate a local
frame.




» Berry phase in quantum mechanics. Schrédinger equation:
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Berry phase

» Berry phase in quantum mechanics. Schrédinger equation:
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» The Hamiltonian H is in general time-dependent. Suppose the
parameters A(t) are slowly changing with time. Based on the
adiabatic theorem, a system starting at [1/(\(0))) remains in
the instantaneous state [1)(\(t))) up to a phase:
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» Berry phase in quantum mechanics. Schrédinger equation:

ihé?t ) = HO®) [0),  HO®)) ) = E(A(2)) |¥) -

» The Hamiltonian H is in general time-dependent. Suppose the
parameters A(t) are slowly changing with time. Based on the
adiabatic theorem, a system starting at [1/(\(0))) remains in
the instantaneous state [1)(\(t))) up to a phase:

O (A1) -
» Substituting it back into the Schrédinger equation, for A\(t)
finishing a closed circle C after time T, A(T) = A(0), one gets

(€)= f ani (i) + [ "at - LE0)].




» One can define

=i (WG
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Berry phase

» One can define

A =i (351

so that

a(C) :deAaAw/ont [;En()\(t))].

> A?is a gauge field. We can see this by making a
transformation [(\)) — ) |4())). The transformation of

A? is
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Berry phase

» One can define

A =i (351

so that

cﬂC%:%;MaAa+[fdt[;E(Mﬂﬂ.

» A7 is a gauge field. We can see this by making a
transformation [(\)) — ) |4())). The transformation of

A? is
dy(A)
d\,
» The corresponding field strength is
ab :83Ab—8b¢43.

aMMQ:ﬁA:AF

A7 — A7 —




> QBerry = §A= fS F.
» Two typical cases with aperry # 0. F integrated over the blue
area.

TV

“magnetic monopole”  solenoid / AB effect
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» \We see that an easy way to derive the Berry phase is starting
from the Schrodinger equation.
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Effective Hamiltonians in axion physics

P> We see that an easy way to derive the Berry phase is starting
from the Schrodinger equation.

» This motivates us to derive effective Hamiltonians from the
Lagrangian of axion-SM interactions.

P [t turns out that in this way, the Berry phases arising in the
axion-photon and axion-fermion interactions can be treated in
a unified way.

» We start from the interaction terms:

1 1 _
EQ’Y’Y - Zg;yaF/WFMV Lo = —Eg?faua f’7“75f.



Effective Hamiltonians in axion physics

> We first focus on the axion-fermion interaction. The equation
of motion is the Dirac equation. In the non-relativistic limit,
the Dirac equation can be written as

i0cp = Harth, Moty = > [Va + atan'jf] o

» p and my are respectively fermion momentum and mass.



Effective Hamiltonians in axion physics

» Heuristically, we express the axion-photon system analogously

by dealing with the Maxwell equations. One has

I 3
0tEo = PO Eo, E(t) = Eo(t) exp(—iwt + ik - x).

2f k|
» It can be further written as
10 = Hay 1), ¥ = (Eop, Eop, Bo3)’
where
& .k-S

Mo

» S are the spin-1 matrices:

(5%)as = i, [$%, 8] = ie*®S?,  (S')2+(S5?)?

+(S%)? =



Effective Hamiltonians in axion physics

» Note that now the equations of motion for the axion-fermion
and axion-photon systems share the same form

10vy = H, H(t) = V(t) -],
where

V(t) = >F {Va—k@ta] or & , k
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Effective Hamiltonians in axion physics

v

Note that now the equations of motion for the axion-fermion
and axion-photon systems share the same form

10vy = H, H(t) = V(t) -],
where

k
V(t) = oF [Va+8taf] or g} K[

The change of V as a function of time will induce Berry phase.

j=oorS.

Scenario |: magnitude |V| is changing, i.e. the axion field is
changing while the fermion or photon momentum is fixed.
Scenario Il: direction of V is changing, i.e. the direction of

fermion or photon momentum is changing while the axion
field is fixed.



» In the axion-photon case, consider right- and left-handed
circular polarization states
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Scenario I: axion field is varying

» In the axion-photon case, consider right- and left-handed
circular polarization states
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» In a varying axion background, the Berry phases are
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Scenario I: axion field is varying

» In the axion-photon case, consider right- and left-handed
circular polarization states

(1ai)T (17_i)T

V2 V2

» In a varying axion background, the Berry phases are

¢r(0) = ¢1(0) =
QBerry = i% [a( T) - 3(0)]

» A linearly polarized photon, as a superposition of right- and
left-handed modes, acquires a rotation angle

’aBerry’ .



» Axion, as a Goldstone boson, is periodic:

a/f ~a/f +2m, parameter space: S'.
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Scenario I: axion field is varying

» Axion, as a Goldstone boson, is periodic:
a/f ~a/f +2m, parameter space: S!.
» The Berry phase is genuine only if
a(T)—a(0) =2nn-f,

which gives
|aBerry| = gyTn.



Scenario I: axion field is varying

» A similar result can be obtained in the axion-fermion case. An
electron with helicity j, = +1/2 traveling in the axion
background acquires

. _18f . 1
OBerry = jov L [A(T) — a0)), e = £5.
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> v is velocity of axion in the rest frame of electron. The
genuine Berry phase is thus

1
QBerry = V " 8f)z* 2mn.



Scenario I: axion field is varying

» A similar result can be obtained in the axion-fermion case. An
electron with helicity j, = +1/2 traveling in the axion
background acquires

. _18f . 1
OBerry = jov L [A(T) — a0)), e = £5.

> v is velocity of axion in the rest frame of electron. The
genuine Berry phase is thus

1
QBerry = V " 8f)z* 2mn.

» An electron, as a superposition of left- and right-handed
modes, travels in the axion background. Its spin will rotate by

‘aBerry‘ = Vﬁlgfﬂ'n'



Scenario I: axion field is varying

» In the axion case, the Berry phase can be written as

QBerry = +c [% -A(Zf) - f.A(Z,)] = Z]IC/ F =+c-2nn.
torus

) -

Z; Z‘L

& 8¢

> Differed by a large gauge transformation.

P This is especially clear in the extra-dimensional axion where

a/f = § A



Scenario I: axion field is varying

» Two key features for Berry phases arising in axion physics.

P Axion is a pseudoscalar. Under parity,
FF— —FF,  fiy®f — —fir°f.

> Axion is periodic:
a/f ~a/f +2m.

The parameter space is S?.



Scenario |: experiments

> Birefringence-cavity experiments essentially measure the Berry
phase of photons traveling in the axion background: rotation
of the linear polarization angle.

» Examples: (Obata, Fujita, Michimura 2018; Liu et al 2018;
Oshima et al 2023; Pandey, Hall, Evans 2024).
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(Obata, Fujita, Michimura 2018) (Liu et al 2018)



Scenario |: experiments

» Interaction between axion
domain wall and fermions.

» Example: an axion domain wall
passing through the Earth
(Pospelov et al 2012).

» The rotation angle of electron
spin is

_ -1
vl = .
|aBerr | v Tgfm

(Pospelov et al 2012)



Scenario |: experiments

» Cosmic birefringence induced by axion domain walls and axion
strings. (Agrawal, Hook, Huang 2019; Takahashi, Yin 2020;
Jain, Long, Amin 2021).

» The rotation of the linearly-polarized photon angle is

|aBerry| = gy,

a genuine Berry phase.




Scenario |: experiments

» The genuine Berry phase is

|aBerry| = gyTn.

By measuring |aBerry|, One can determine g,. In general gy is
O(1), not suppressed by the axion decay constant f.

» g, gives valuable information about the global structure of the
Standard Model gauge group.

» Global structure of SM gauge group (e.g., Tong 2017):

SU(3) x SU(2) x U(1)
ZP

. p=1,236.



Scenario |: experiments

> Axion interactions with the SM gauge fields:

Ks a a Auv,a Ky a a Fuv,a Ki 1a By
30,2 £ O &t gy 167236 f "
> After electroweak symmetry breaking:
K3 a v, E ~
Tam O 6"+ o P PG
where
E= 36(K1 + 18K2) Kz = 2N = Npw.

» The axion periodicity a/f ~ a/f + 2m constrains E and N,
with different results for p = 1,2, 3,6.



» The dimensionless coupling

g = (£ _1.92N)
™
(Cortona et al 2026).

» Constraints on E and N for different p. (Cordova, Hong,
Wang 2023; Choi et al 2023; Reece 2023).

p=1
NeZ/2, EeZ/36
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Scenario Il: photon or fermion momentum is varying

P Recall that
i0p = Hy,  H(t) = V(1) -],
where
V(t) = [Va—i—@ta } or ééi, j=oorS.
2f ms 2f |k

» Scenario Il: direction of V is changing, i.e. the direction of
fermion or photon momentum is changing while the axion
field is fixed.



Scenario Il: photon or fermion momentum is varying

» Photon-ring experiment. Photons propagate circularly in the
xy plane within the fiber with momentum

k(t) = (nw cos(2t), nwsin(Qt), 0).

» Q =1/(nR): photon angular velocity. w: photon energy. R:
loop radius. n: optical fiber refractive index.

» The photon polarization is in the z direction.

» Similar to the proton-ring case (Graham et al 2020).

Optical Fiber /
Optical Microcavity

Birefringence Medium




Scenario Il: photon or fermion momentum is varying

» The accumulated dynamical phase:
. {pDMgisin%marW) wx (Q WX)]
exp| 5323,

_ 2n°f 2n2\"" 2pn2
Cdyn = 2 Gin2 wx \?
PDM& Sin (mato+¥>)+ a_
2n2f2 2n2
» Birefringent material with dielectric permittivity tensor
n”? iy 0
e=|—-ix n?* 0] =n?l—-xS.
0 0 n?

» Resonance condition: Q = wx/(2n?).

Optical Fiber /
Optical Microcavity




Scenario Il: photon or fermion momentum is varying
» This gives

_ &y/PoMsin(mato + )
Qdyn = \/inf texp-

P At the resonance condition, Berry phase is maximized:

QBerry = _27T_jz .

» But we are not directly measuring Berry phase. We are
measuring the dynamical phase.

» Aiming for detecting ultralight axion field: m, < 1071 eV.

~

Optical Fiber /
Optical Microcavity




Summary

» Berry phase arises both in axion-photon and axion-fermion
systems.

» Two scenarios. Scenario I: the closed loop in parameter space
is axion field S*. Scenario II: the closed loop is in parameter
space of fermion or photon momentum.

> Several experiments, including birefringent cavities,
domain-wall effects on electron spin, proton rings, etc., can be
understood through the lens of the Berry phase.

> Measuring a genuine Berry phase is helpful to understand the
global structure of the Standard Model gauge group.

» Photon-ring experiment is proposed based on Scenario Il.
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