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Symmetrization of the Maxwell equations

Since the end of the 19th Century the idea of symmetrizing the Maxwell’s equations of
Electromagnetism has always fascinated physicists

* Null divergence of the magnetic field corresponds

to the absence of point-like sources for the V-B=0
magnetic field.

0B
* Introducing point-like sources would symmetrize VxE=- E
the equations.
VXB J + L o%
— Ko c? ot
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Can aMonopole Really Exist?

Dirac Monopoles and the Quantization of the Electric Charge

Dirac was the first to suppose the existence of magnetic monopoles. B

In 1048 he proposed the model of a monopole made of one semi-
infinite string solenoid.

The existence of magnetic monopoles is consistent with quantum
theory once imposed the charge quantization condition:

g = 2nnl/e = ngp

Monopoles provide a strong theoretical explanation for the
quantization of the electric charge.

Daniele Perri, University of Warsaw
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Can aMonopole Really Exist?

'T Hooft-Polyakov Monopoles and Topological Defects

* In1974 "T Hooft and Poliakov proposed a model of monopoles as topological defects
linked to non-trivial second homotopy groups of the vacuum manifold:

G — H, n,(G/H) # 1

Each time a simply connected group is broken into a smaller group that contains U(1)
there is a production of monopoles.

l

Monopoles are inevitable predictions of Grand Unified Theories:

SUS) —- SUQB) X SUR) x U(l) = SU(3) x U(1)

Daniele Perri, University of Warsaw



Can aMonopole Really Exist?

'T Hooft-Polyakov Monopoles and Topological Defects

* The T Hooft - Poliakov monopole is a zero-dimensional solitonic solution of the
vacuum manifold.

* The simplest example is the Georgi-Glashow model: SUQ2) — U(1)
= 1 a rauv 1 a a 1 aja 2\2

* The monopole configuration is described by the hedgehog
solution for the scalar field after the symmetry breaking:

¢a(3_5) = 0y, (X_l> F(r)
r

Daniele Perri, University of Warsaw 6




Monopoles in Grand Unified Theories

Monopoles are inevitable predictions of Grand Unified Theories:

SUS) —» SUB) X SUR2)x U(l) - SU3) x U(1)
i N EE——

10-29 10-16 10-13

B=g/1? Magneticfield of a point-like
Dirac magnetic monopole

Confinement region: virtual ¥’s, gluons, ll’lSlde the COt‘e, the
""" fermion-antifermion condensate, .
4-fermions virtual states * Symmetl’y IS I’€St01’€d and CI”
1 Electroweak unification: W, Z bosons l_he States Of l_he GUT are
- : -=~====. Grand Unification: X, Y bosons €XCit€d.
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Recipe for a Good Dark Matter Candidates

In order for magnetic monopoles to be a good candidate for dark matter some conditions
should be verified

1. Not excluded by bounds on the flux;
2.  Provided with an efficient production mechanism;

3. Non-relativistic particles clustered with galaxies.

Daniele Perri, Warsaw University
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Direct Detection of Monopoles

There are different strategies used for the direct observation of magnetic monopoles:
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Parker Bound on the Monopole Flux

In 1970 Parker proposed a bound on the monopole flux today inside our Galaxy:

* The Galaxy presents a magnetic field
of ~2x107° G;

* The Galactic magnetic field
accelerates the monopoles losing its

P
&
energy; 5
5
w

* The survival of the field provides a
bound on the monopole flux today.

The bound can be even extended considering the
seed field of the Galaxy.

Daniele Perri, University of Warsaw
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Bounds on the Monopole Flux
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1.

2.

3.

Low mass excluded my MoEDAL (and
ATLAS) by Schwinger pair production;

Intermediate mass constrained by
UHECR detectors because of the large
field of view:

Heavy monopoles still difficult to
constrain and still compatible with
dark matter.

Daniele Perri, Warsaw University
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Recipe for a Good Dark Matter Candidates

In order for magnetic monopoles to be a good candidate for dark matter some conditions
should be verified

1. Not excluded by bounds on the flux;
2.  Provided with an efficient production mechanism;

3.  Non-relativistic particles clustered with galaxies.

Daniele Perri, Warsaw University
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Production mechanisms

There are three main production mechanisms of magnetic monopoles in the early universe.
* During phase transitions in the early universe:

n T.\° n T i\
L~ 102 =5 L~ < - ) log | —
A MPI S MPI Tél

(Second or slightly first order PT) (Strongly first order PT)

3
2
/N 107 el exp "
5 Tmax Tmax

* Production of monopole pairs via the Schwinger effect in strong magnetic fields:

~_ (eB) am® g’
=20 exp

* Thermal production:

gBI4

Daniele Perri, University of Warsaw
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Cosmological Monopole Problem

Around one monopole per Hubble volume is produced during phase transitions in

the early universe (Kibble mechanism).

* The abundance of produced
monopoles can easily over-dominate V@D
the energy density of the universe:

* Inflation provides a good solution to the
problem. l

GUT monopoles cannot be produced after inflation.

Daniele Perri, University of Warsaw
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Can a Global Monopole Really Exist?

Global Monopole Solution

* A monopole solution can still be defined in the case of global symmetry breaking:

| l SO(3) = SO(2)
= — QO ~ (@ P~

A
NET:

* The hedgehog solution still describes the monopole configuration, i
however, the energy of one global monopole is infinite. P°(R) =6, (x_> F(r)

l r

R
E ~ 471'[ T'r*dr ~ 47v°R,
Cut-off R set by the nearest antimonopole. ;

M

Py ~ (\/zv)_1

Daniele Perri, University of Warsaw
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Can a Global Monopole Really Exist?

Global Monopole Solution

* The attractive force between two global monopoles does not depend on the distance:

oF ,
F=—~Adgy
OR

* Hence, the annihilation process is very efficient and
proceeds until the number density reaches a scaling
regime:

nv = (4+1.5) Ry’

Bennett, Rhie (1990)
Phys. Rev. Lett., 65:1709-1712

No cosmological monopole problem exists for global monopoles!

Daniele Perri, University of Warsaw
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“Global” Solution to the Monopole Problem

We propose a modification of the Lagrangian that breaks the conformal symmetry of the gauge
kinetic sector as a solution to the monopole problem without inflation.

4 1(1)? 1 Y|
= 0 F B — E(Dﬂf/ﬁ)“(Dﬂcb)“ — g(gb“fﬁ“ — v?%)?

\/Tg 4

* The Lagrangian can be canonically normalized by redefining the vector field and
the gauge coupling:

~/

A =1AS, e=ell, §=gl

To large value of the function I(t) corresponds small electric charge
and large magnetic charge. NS
I=max{( COH) ,1}
d

Daniele Perri, University of Warsaw
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“Global” Solution to the Monopole Problem

1.Global SB: H > ev, T <K v

* The vector field is effectively massless,

and the monopole radius larger than the e o R R LR L L LR LR LELELELELECELELELERELED |
horizon. Only the global symmetry is Y ! << I
broken and monopoles are produced as s By
global. I s |

* Global monopoles annihilate solving | | | | |
the monopole problem: f tyiobal fiocal fcon faBN

prrenrannnananenas |
V ) ( Tlocal )3 =1
PM.glo ™ Perit 1011 GeV 1011 GeV frrmrmrmnm oo B |

2.Gauge SB: H < ev, T K v

* The local part of the symmetry is broken and the monopoles become magnetically charged.

Daniele Perri, University of Warsaw 21



“Global” Solution to the Monopole Problem
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With the conformal-breaking term, we have access to parameters compatible with the GUT scale
even without inflation. GUT monopole dark matter can be produced!

Daniele Perri, University of Warsaw
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Recipe for a Good Dark Matter Candidates

In order for magnetic monopoles to be a good candidate for dark matter some conditions
should be verified

1. Not excluded by bounds on the flux;
2.  Provided with an efficient production mechanism;

3.  Non-relativistic particles clustered with galaxies.

Daniele Perri, Warsaw University
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Relativistic monopoles in the universe?

In literature, monopole velocity on Earth is usually assumed to be comparable to the MW
peculiar velocity ~ 1073 ¢ but this is not necessarily the case.

Acceleration in galaxies is so strong that up to intermediate mass monopoles
reach relativistic velocities:

m (;/G — 1) ~ gBg\/Rig ~ 1011 GeV (i>

8D

Depending on the amplitude and coherence length, also intergalactic magnetic
fields accelerate monopoles in voids:

([ ¢B B?
(yv) ~ min :
CMB mH 0 471' mF CMB

Daniele Perri, University of Warsaw

for homogeneous fields
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To be a good dark matter candidate, monopoles must cluster with galaxies!

Daniele Perri, University of Warsaw
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Clustering condition

To be a good dark matter candidate, monopoles must cluster with galaxies!

1. From the simple requirement that monopoles do not acquire from the galactic
magnetic field a kinetic energy larger than that for virialized particles:

mvZ= /2 > gBI.

VIr

2. By comparing the monopole escape time with the magnetic field generation
timescale (stronger condition):

[

B 1/2 - 1/2 V. —3/2
- Z 1018 GeV i 0 C sat VIr |
25 10-°G 1 kpc 1010 yr 103

Daniele Perri, University of Warsaw
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Recipe for a Good Dark Matter Candidates

In order for magnetic monopoles to be a good candidate for dark matter some conditions
should be verified

1. Not excluded by bounds on the flux;

2.  Provided with an efficient production mechanism;

3.  Non-relativistic particles clustered with galaxies. /‘\

Daniele Perri, Warsaw University
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Could Monopoles be Dark Matter?

Standard magnetic monopoles must be very heavy to cover all the Dark Matter of the
universe (m > 107 GeV).

|

* Minicharged monopoles relax the bounds opening the possibility of lighter monopoles as
Dark Matter.

» Magnetically charged black holes act as very heavy magnetic monopoles.

Maldacena (2020)
arXiv:2004.06084

Daniele Perri, University of Wars:
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A Model for Minicharged Monopoles

A simple example of how the dark sector can produce minicharged monopoles without
breaking the Dirac quantization condition:

o =—tp o Lpopan P pepe oy ) 4+ 220, - 2 +E( )’
gauge ~ A4 UV A Uv ' A Uv — 4(¢1°¢1_V1) 4(¢2 ¢2 Vz) N ¢1 §b2

First Symmetry Breaking: Hiamatss et 2001
Dark monopoles production; arXiv:2109.12771

Second Symmetry breaking: K
The dark field confined into dark strings —

connecting the monopoles; ( \\,
The mixing term would provide a tiny visible charge
to the dark monopoles. SUR2) - U(l) - Z,

Daniele Perri, University of Warsaw 30



Clustering and Bounds on Minicharged Monopoles

Minicharged monopoles can cluster with the Galaxy and be DM for masses

much smaller than Mj, and are currently unconstrained.

— 103, i
= 10 G — 107 G
° °D g=10""gp ¢
- 104
‘o
|
chm 1078 |
Galactic g Galactic
/ L 1012 /
10-16 B,=10"" G
10° 10° 103 108

Daniele Perri, University of Warsaw
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Clustering and Bounds on Magnetic Black Holes

m [GeV ]
. Extremal magnetic BHs have a 10%° | 10%° | 10%9 10%°

fixed mass-to-charge ratio. 107°0 - B,=10"15G

107%%|
. Cosmological bounds are

T

the strongest (caveat: Parker
bound from M31seems ~ «” 107

E

LL

stronger)

. Extremal magnetic BH
cluster with Milky Way, but 10-59|

not all galaxies. 105 | 108 | 1075 | 1025

m [gm]

Daniele Perri, University of Warsaw
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- Extremal magnetic BHs have a

fixed mass-to-charge ratio. 107"° .

—20
- Cosmological bounds are 10
the strongest (caveat: Parker <
bound from M31 seems clva 1077
stronger) g
© 1040

. Extremal magnetic BH

cluster with Milky Way, but 10-59|

not all galaxies.

Bounds on Magnetic Black Holes

m [GeV ]
1020 1030 1040

1050

B,=10"" G

105 | 105 | 105

m [gm]

Daniele Perri, University of Warsaw
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Conclusion

» We studied under which condition magnetic monopoles are possible Dark Matter candidates.

1. Heavy monopoles are still not constrained by direct and indirect bounds.

2.  Even if monopoles are produced too efficiently in early universe phase transitions, there
are ways to avoid the cosmological problem without inflation, leaving a detectable
fraction of monopoles in the present universe.

3. More studies on the conditions for monopole clustering are needed, as it is not yet
completely clear whether monopoles can cluster with galaxies.

» More exotic minicharged monopoles can easily corresponds to the entire dark matter
while clustering with galaxies for lighter masses.

Magnetic monopoles (even GUT's) are still candidates for dark matter!

Daniele Perri, University of Warsaw 35
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Interaction with matter

Effective field theory approach

* A comprehensive quantum field theory of monopoles has yet to be fully developed,
though several attempts have been made.

* Models of monopole-SM interaction have been proposed with velocity-dependent
magnetic charges. y

The non-perturbativity of the magnetic

charge invalidates any attempt to use an |

effective perturbative approach for

(0/2)
relativistic monopoles!!

Daniele Perri, University of Warsaw M M



Schwinger Effects and Monopole Pair Production

Primordial magnetic fields are strong enough to produce significant amount of
monopole-antimonopole pairs through the Schwinger Effect:

B)2 2 2
I = 85) exp [—ﬂm +g—]

- Q2r)3 9B 4

The instanton computation is valid under the weak field condition:

The survival of the fields after pair production and the acceleration of the produced monopoles
provides the most conservative bound on the primordial magnetic field amplitude.

Daniele Perri, University of Warsaw



Modification of Galactic Parker bounds

Galactic Parker bounds depend on the monopole
incident velocity on the Milky Way (intergalactic
acceleration).

The bounds are weakened for large values
of the monopole velocity:

1. The Galactic bound is not affected by
acceleration in intergalactic magnetic fields.

2. The seed Galactic bound is strongly affected
by the acceleration.

107"
1074
107"
107"
107"}
— 107"
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107%°
107t

cm %sr s

=
=
L

Daniele Perri, University of Warsaw

-----------------------------

1 103 10° 102 10'#210%™ 108
m [GeV]




Direct Search of Dark Monopoles?

* Minicharged monopoles cannot be direct searched with the standard methods (ex.
induction of a current in a coil, energy loss in a calorimeter).

* Even completely dark monopoles can still be detected through the catalysis of nucleon
decays:

Monopole

U
d
P Olcji > d() ¥

Such bounds are almost independent of the charge but depends strongly on the UV
completion of the theory (not possible for Dirac monopoles).

Daniele Perri, University of Warsaw



