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Quantised Singularities in the Electromagnetic Field.
By P. A. M. Dirac, F.R.S., St. John's College, Oamhudge

1931 DIRAC (Received May 29, 1951.)
H § 1. Introduction.
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“one would be surprised if Nature had made no use ofit”

our theories are electric, but the reason 1s unknown



QUANTUM ELECTROMAGNETODYNAMICS

1971 ZWANZIGER

A,and B, €<—> photon

L = Lyn (A, Bi,n,) —
jeVAv - j;,/nBV

TWO vector-potentials describe ONE particle - photon



QUANTUM ELECTROMAGNETODYNAMICS

1971 ZWANZIGER 1977 ZBN
A#andBﬂ <—> photon CL b%
L = Lun (AuaBuanu) — /eXp{Z S[Au, Bpu 0y, X, X] + Jea + jmb) }

YA, — i* B, xDA, DB, Dx Dy

TWO vector-potentials describe ONE particle - photon

partition function is Lorentz-invariant



QUANTUM ELECTROMAGNETODYNAMICS

1971 ZWANZIGER 1977 ZBN
A#andBﬂ <—> photon CL b%
L = Lun (AuaBuanu) — /eXp{Z S[Au, Bpu iy, X, X] + Jea + jmb) }

YA, — "B, xDA, DB, Dx Dy

TWO vector-potentials describe ONE particle - photon

partition function is Lorentz-invariant

(spin 0); + (spin 0) = ,  (spin 1/2)_+ (spin 1/2), =



QUANTUM ELECTROMAGNETODYNAMICS

1971 ZWANZIGER 1977 ZBN
A,and B, €—> photon (a b%
L = Lyn (A, Bi,n,) — /exp{Z S[A,,Bu,n,, X, X] + jea + jmb)}
JY A, _m xDA, DB, Dx Dy

TWO vector-potentials describe ONE particle - photon

partition function is Lorentz-invariant

(spin 0); + (spin 0) = ,  (spin 1/2)_+ (spin 1/2), =



AXION MODEL WITH ABELIAN MONOPOLE

U,/(1) x SU(3)] — g, aF




AXION MODEL WITH ABELIAN MONOPOLE

—

U,/(1) x SU(3)] — g, aF

9\ 2
Lo u;,y,ua’u?p + @fyﬂ Y|+ y(q)l;leR—Fh-C-) — Ao <‘(I)‘2 o %)

Peccei-Quinn field



AXION MODEL WITH ABELIAN MONOPOLE

—

U,(1) x SU(3)] — g, aF

2
Vg

2
Lo u;,y,ua’u?p + @fyﬂ Y|+ y(q)l;leR—Fh-C-) — Ao <‘(I)‘2 o §>

Peccei-Quinn field

Since ¥ is a quark, PQ mechanism realized via KSVZ-like
construction ensures that the strong CP problem is solved



AXION MODEL WITH ABELIAN MONOPOLE

—

U,(1) x SU(3)] — g, aF

2
Vg

2
L D iy, +| VY B + y (@pr +he) — Ao <‘q>‘2 - ?)

/

min{¢} = 67 /e Peccei-Quinn field

Since ¥ is a quark, PQ mechanism realized via KSVZ-like
construction ensures that the strong CP problem is solved

SM quarks having —e/3 charges implies minimal
= 67/e

magnetic charge
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U (1) x SU(3)

QFT involving electric + non-Abelian charges is unknown

Goddard, Nuyts and Olive made an important observation

exp(4mif,T;) =1 = lie in the weight lattice of GY

Laglands dual of G
GNO conjecture:

Gy = (Gg)¥ (UQ) =U1) | (SU(3)/Zs)" = SU(3)
9m — 277—/9
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U (1) x SU(3)

=
Due to the GNO conjecture we introduce: — + e

Lagrangian of the PQ field ® and fermion v is standard:

2\ 2
L D ipyoh + vyHC o + y (CIMELZDR—Fh.C.) — Ao (\CI)\Q — %)

Since monopole ) has color-magnetic charge, the quantization condition

allows for the minimal Dirac magnetic charge value:
min{¢} =2x/e
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U (1) x SU(3)

¢ = — (v, + o) exp(—ia/v,)
V2 > ['Fuj — ¢ tr

2
P — exp (ia7ys/2v,) - P 167,

8
In the Abelian ‘t Hooft gauges: / d'z Z = / d'x Z )

a=1
where =(0ONC")

~ QL a 998 a v agm Qg O v
:gﬂyE(a/\fl )'W = SQCD D /d4 Z K 5 /d4ngm/g H

gluons a=3,8 321, a=3,8



EFFECTIVE LOW ENERGY LAGRANGIAN

U (1) x SU(3)

- Schwinger proper time method used
= ¢, for Abelian field strengths
- Abelian dominance of IR QCD

suggests that L.g is small

Low energy physics
1 -
Log D — —ggva F F* —

4 ) .
ags a ya py -
G’u,yG —ij'oﬁooﬂ‘

(4

3272 f,
0in IR . Axion-gluon coupling is special
Goy = 30/ (maf,) J P P



MODEL WITH NON-ABELIAN MONOPOLE: PHENOMENOLOGY
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CONCLUSION

We relaxed an unnecessary assumption of KSVZ-like axion models and

with Abelian monopole

found a new family of QCD axion models . .
with non-Abelian monopole

These models add to SM one heavy particle ) + Peccei-Quinn field P

These models yield “large” axion-photon coupling which can be probed in

near-future experiments

These models can explain various “hints”: strong CP conservation,
quantisation of charge, anomalous TeV-transparency of the Universe,

observed dark matter abundance, cooling of horizontal branch stars

in globular clusters
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