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Magnetic fields in the Universe
Cosmological magnetic fields are discovered (constrained) for different magnitudes with different scales
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Magnetic fields in the Universe
Cosmological magnetic fields are discovered (constrained) for different magnitudes with different scales
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Magnetic fields in the Universe
Cosmological magnetic fields are discovered (constrained) for different magnitudes with different scales
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From Synchrotron emission
Faraday rotation
Polarization of dust emission
Zeeman splitting
CMB B mode polarization ...  

Primordial magnetic fields !O≳W.6X%I ≳ 10G-W .
can be a seed of B-fields of galaxy, galaxy cluster 
by dynamo amplification mechanism: 
Motivation to study the magnetic field in cosmic 
void (Inter-galactic magnetic fields) 6



Intergalactic magnetic fields  
Observation of TeV blazars:  indirect way to probe the magnetic fields for given coherence lengths in the cosmic void 

The blazar 
heading to the earth 
with distances 
!(100Mpc) )*

+ rays from the blazar (,- ∼ TeV)

)2

Cosmic Microwave 

Background 

Radiation (CMBR)

(, ∼
10
*3 eV)

Inverse Compton 
Scattering

(,- ∼ 1 − 10 GeV)

Extragalactic 
Background Lights 
(EBL)  (,67 ∼ eV)
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Intergalactic magnetic fields 
Observation of TeV blazars:  indirect way to probe the magnetic fields for given coherence lengths in the cosmic void 

Magnetic fields !" with
a coherence length #

$ rays from the blazar (%& ∼ TeV)
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Evidence or constraints for intergalactic magnetic fields 
No observation of secondary GeV photons à evidence of intergalactic magnetic fields 

Intergalactic magnetic field measurements

Ackermann et al. ‘18

Galactic winds, AGN outflows

Cosmological field from Inflation

Neronov & Vovk ‘10

Ackermann et al. ‘18 (blazars assuming 107 yr duty cycle)

(blazars assuming 10 yr duty cycle)

Region of parameter space to probe with UHECR measurements

Slides from Neronov UHECR 2018

log
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log '()*/Mpc

Slides from Kohei Kamada

Fermi-LAT 1804.08035

Neronov, Vovk 1006.3504
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Magnetic helicity
Magnetic helicity is the topological quantity which quantifies e.g. twist, kink, linkage, handedness of magnetic field lines 

It can be written as the difference between the RH and LH circular polarization modes 

Time dependence of the helicity: 

(hyper) helicity of the magnetic fields can be important for the cosmological evolution in the Early Universe. 
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Generation of Cosmic Magnetic fields 
New physics beyond the Standard Model can provide the explanation of amplification mechanism from the quantum 
fluctuations to the primordial magnetic fields for given coherence scales  
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Generation of Cosmic Magnetic Fields
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Chiral Magnetic Effect
Step1) Chirality imbalance of (relativistic) fermions (!" ≠ !$) + Magnetic fields à Electric current
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Chiral Magnetic Effect
Step1) Chirality imbalance of (relativistic) fermions (!" ≠ !$) + Magnetic fields à Electric current
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Chiral Magnetic Effect
Step1) Chirality imbalance of (relativistic) fermions (!
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Magnetogenesis via Chiral Magnetic Effect
Step2) From Maxwell equations (ignoring fluid vorticity)

for the length scale of interest ! ∼ ∇$%≫
%

'(
,
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*+,
,  (- ∼ ./01)

could yield the instability of one polarization mode for the coherence length ! ∼ 1/34*56

Helicity density is given by 
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Axion-Like Particle with Anomalous Coupling
In the case with CME, the origin of !" ≠ 0 is unclear. Axion-like particle can give the alternative source of !"

The Maxwell equations:

Instability arises around the mode % ∼ '())/)

e.g. During inflation for the light axion (,- ≲ /),  3/2̇ ≃ −5-6 ∼ −,-
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Axion-Like Particle with Anomalous Coupling
In the case with CME, the origin of !" ≠ 0 is unclear. Axion-like particle can give the alternative source of !"

The Maxwell equations:

Instability arises around the mode % ∼ '())/)

After reheating: parametric resonance can occur since -̇ ∼ cos123 (both RH, LH modes are produced) 

In any case 425 ≳ 7(100) is necessary. 

Another problem: If there are the light charged fermions 9, - : ;: coupling can be shifted to <=- >9?=9 by chiral rotation. 

gauge field production à fermion production: Schwinger effects etc. prevent the exponential growing of B-fields

During inflation case : @ ≲ 3CD'DEFGHD

' =
425 -̇
16CDEK

ℒ =
1
2 <=-

D + ΛP cos
-
K +

425
32CDK - :=Q

;:=Q

RD

R)D T⃗U
± + %D 1 ±

' )
%) T⃗U

± = 0

-̇ ≠ 0

W×@ =
<Y
<3 +

425-̇
8CDK @ → \⃗]HH =

425-̇
8CDK @

Adshead, Giblin, Scully, 
Sfakianakis 1502.06506
and many others 

Domcke, Mukaida 1806.08769 18



Rotating scalar field
Considering the complex scalar field with a kinetic energy along ! direction for  " # = %

&
#

&

If the charged fermion has the mass by # as 

during rotation along ! direction, the fermion becomes heavy with the mass %' = ().

Integrating out the fermion yields 
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Rotating scalar field
Tachyonic instability happens if  !(#) cycles many times within a Hubble time 

No charged light fermions during magnetogenesis, 

Maximally helical,
Long time evolution by approximate % 1 '( like a chiral symmetry at high temperature 

But  how can we give such initial conditions (the large value of ), and initial kick along !-direction)?

* = ), -.

!̇ ≠ 0

2(*)
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A Concrete Example of Scalar CME
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Dynamical origin of the rotating scalar
Affleck-Dine mechanism

Scalar potential = PQ symmetric term  +  small PQ breaking term + Hubble induced negative mass squares 
e.g. 

The Hubble induced negative mass squared is dominant at the early Universe : !" ≫ $" à % = ' ∼ !Λ ≫ $

During !" ≫ $", along the * direction, the field is frozen since $+
" ∼ ,'" ∼ $ ! ≪ !"

Small PQ breaking terms plays the important when ! ∼ $ to induce “rolling” and “kicking” 
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Dynamical origin of the rotating scalar
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186 J. Sakstein, M. Trodden / Physics Letters B 774 (2017) 183–188

Fig. 1. The motion of the field for the cases n = 2 and n = 3, with parameters λ = 10−20 (n = 2), µ = 0.1Mpl (n = 3), ε0 = 0.03, θε = 3, α = 1010, and mφ = 0.1 GeV.

Fig. 2. The ratio nB−L/s for the cases n = 2 and n = 3; the dimensionless time τ =
mφt .

Fig. 3. The motion of the absolute value of the field as a function of dimensionless 
time τ =mφt for the case n = 2. The red solid line shows the result of the numeri-
cal integration and the black dashed line shows the time-dependent minimum. The 
evolution is plotted up until H = Hosc . (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.)

the case of Affleck–Dine baryogenesis during a phase of perturba-
tive reheating.

After the B − L has been generated it is stored in the scalar con-
densate (it cannot decay through the symmetry-violating operators 
because φ is close to zero at this point and these are less impor-
tant than the symmetry-preserving operators [28]), which either 
decays, or, more likely, fractures into Q-balls [28–31]. Q-balls are 
non-topological solitons that exist in any U(1) theory where the 

minimum of V (|φ|)/|φ|2 occurs at some value other than φ = 0
[32], and are the end state of many Affleck–Dine models.8 They 
are unstable to decay to fermions [33] and are therefore one way 
of transferring the asymmetry to the visible sector. We discuss how 
this may occur presently.

4. Mediation to the visible sector

The Affleck–Dine mechanism naturally includes a method of 
transferring the asymmetry to the visible sector because φ typ-
ically corresponds to some flat direction for a combination of 
squarks or sleptons. In our scenario, we need to ensure that 
the asymmetry transfer is possible whilst still satisfying particle 
physics bounds. Here, we will focus on couplings to the standard 
model, although the implementation of the mechanism into be-
yond the standard model theories is certainly possible [34–38]. We 
will focus on one simple possible transfer mechanism as a proof 
of principle; there are numerous possible ways of incorporating a 
U(1)B−L scalar into different particle physics models, even more so 
given that the nature of X is not fixed by our mechanism, nor is 
the particle that comprises the dominant component of dark mat-
ter today.

The lowest dimension operator that is both a gauge singlet 
under the standard model gauge group and carries a net lepton 
number is the neutrino portal operator L̄ H̃ [39,40] (see [41] for 
a UV completion), where L = (l νl)T is a left-handed lepton SU(2)
doublet9 and H̃ = iσ 2H∗ is the charge-conjugated Higgs doublet. 
This operator only carries lepton number and so the simplest op-
erator we can write down that couples it to our scalar that we use 
to generate the B − L asymmetry is the dimension-five operator

φ L̄ H̃Y
)

+ h.c. = gφν̄lY + h.c., (21)

where Y is a singlet fermion, ) is the cut-off for the effective 
field theory, g = v/

√
2) with v ∼ 246 GeV being the Higgs VEV, 

and the second equality holds in the broken-symmetry phase. Note 

8 The specific model we have studied here does not satisfy the condition for the 
existence of Q-balls (although this conclusion is likely to change once radiative cor-
rections are accounted for) and so we expect the field to decay perturbatively. We 
expect that any more realistic generalization will likely end up as Q-balls. It would 
be interesting to investigate the properties of Q-balls that are coupled to dark mat-
ter in future work.
9 In general, one has a Yukawa matrix for all three generations. We do not con-

sider this here for simplicity.
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Dynamical origin of the rotating scalar
Along the ! direction, as "($) decreases, the potential barrier becomes lower. The axion has the enough kinetic energy to go 
over the wall, and rotates for a long time 

During oscillation, & becomes smaller than ',  so that  

Is obtainable 

186 J. Sakstein, M. Trodden / Physics Letters B 774 (2017) 183–188

Fig. 1. The motion of the field for the cases n = 2 and n = 3, with parameters λ = 10−20 (n = 2), µ = 0.1Mpl (n = 3), ε0 = 0.03, θε = 3, α = 1010, and mφ = 0.1 GeV.

Fig. 2. The ratio nB−L/s for the cases n = 2 and n = 3; the dimensionless time τ =
mφt .

Fig. 3. The motion of the absolute value of the field as a function of dimensionless 
time τ =mφt for the case n = 2. The red solid line shows the result of the numeri-
cal integration and the black dashed line shows the time-dependent minimum. The 
evolution is plotted up until H = Hosc . (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.)

the case of Affleck–Dine baryogenesis during a phase of perturba-
tive reheating.

After the B − L has been generated it is stored in the scalar con-
densate (it cannot decay through the symmetry-violating operators 
because φ is close to zero at this point and these are less impor-
tant than the symmetry-preserving operators [28]), which either 
decays, or, more likely, fractures into Q-balls [28–31]. Q-balls are 
non-topological solitons that exist in any U(1) theory where the 

minimum of V (|φ|)/|φ|2 occurs at some value other than φ = 0
[32], and are the end state of many Affleck–Dine models.8 They 
are unstable to decay to fermions [33] and are therefore one way 
of transferring the asymmetry to the visible sector. We discuss how 
this may occur presently.

4. Mediation to the visible sector

The Affleck–Dine mechanism naturally includes a method of 
transferring the asymmetry to the visible sector because φ typ-
ically corresponds to some flat direction for a combination of 
squarks or sleptons. In our scenario, we need to ensure that 
the asymmetry transfer is possible whilst still satisfying particle 
physics bounds. Here, we will focus on couplings to the standard 
model, although the implementation of the mechanism into be-
yond the standard model theories is certainly possible [34–38]. We 
will focus on one simple possible transfer mechanism as a proof 
of principle; there are numerous possible ways of incorporating a 
U(1)B−L scalar into different particle physics models, even more so 
given that the nature of X is not fixed by our mechanism, nor is 
the particle that comprises the dominant component of dark mat-
ter today.

The lowest dimension operator that is both a gauge singlet 
under the standard model gauge group and carries a net lepton 
number is the neutrino portal operator L̄ H̃ [39,40] (see [41] for 
a UV completion), where L = (l νl)T is a left-handed lepton SU(2)
doublet9 and H̃ = iσ 2H∗ is the charge-conjugated Higgs doublet. 
This operator only carries lepton number and so the simplest op-
erator we can write down that couples it to our scalar that we use 
to generate the B − L asymmetry is the dimension-five operator

φ L̄ H̃Y
)

+ h.c. = gφν̄lY + h.c., (21)

where Y is a singlet fermion, ) is the cut-off for the effective 
field theory, g = v/

√
2) with v ∼ 246 GeV being the Higgs VEV, 

and the second equality holds in the broken-symmetry phase. Note 

8 The specific model we have studied here does not satisfy the condition for the 
existence of Q-balls (although this conclusion is likely to change once radiative cor-
rections are accounted for) and so we expect the field to decay perturbatively. We 
expect that any more realistic generalization will likely end up as Q-balls. It would 
be interesting to investigate the properties of Q-balls that are coupled to dark mat-
ter in future work.
9 In general, one has a Yukawa matrix for all three generations. We do not con-

sider this here for simplicity.
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Generation of B-field and helicity 
B-fields, helicity are exponentially growing and saturated during the rotation of theta-field. 

When they are generated 

At the present Universe,  adiabatic evolution and conserved comoving helicity (!"# ∝ 1/'() followed by 
magnetohydrodynamics to rearrange the fields as (! )* ∼ 1,- . /0
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!?>N ≃ 2I
9:;7<
' =>6?

P1

≃
3

-J BCD
Ġ
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Two Higgs Doublet Model
In the minimal extension of the Standard Model, the Higgs is a good candidate for the AD field. To impose the PQ symmetry, 
two Higgs doublet model can be naturally taken. 

with ! 1 #$: &' → )*+&', &- → )*+&-, ./
0 → )1*+./0, .20 → )1*+.20, 3)0 → )1*+ 3)0

Motivated by SUSY, 

Along the direction, |&'| = &- = 6(8), &'&- → 6(8):)*;(<), and all charged fermions become massive with => = ?>6. 

Also @! 2 B×! 1 D → ! 1 EF gauge bosons massive =G/I ∼ K6

Massless degrees: photon, and neutrino, gluon. Light scalars: 6 and L. Integrating out all charged fermions 
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can be generated after magnetogenesis
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Implication for baryogenesis
As ! " → 0, %&,%( → 0, and  )* 2 ,×* 1 / is recovered:

After the reheating,  the non-abelian magnetic field (0123 ) will quickly decay though its screening mass of 4 %& ∼ 678 , 
while there is no such a screening for the hyper-magnetic field (912) with a helicity :; from magnetogenesis. 

Then from quantum anomaly for baryon number 

The change of hyper magnetic helicity can be the source of baryogenesis

Electroweak phase transition is smooth (crossover). Massless *<(1) gauge boson is adiabatically decomposed as

conserving the helicity as :; ?1(8 ≫ %&) = :; ?1(8 ≪ %&) which gives Δ:;/ ∼ ΔD&:;, ΔEFG ∼ ΔD&:; → Δ9 ∝
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Comparing with AD baryogenesis, Spontaneous baryogenesis
Affleck-Dine baryogenesis Axionic Spontanoueous baryogenesis

186 J. Sakstein, M. Trodden / Physics Letters B 774 (2017) 183–188

Fig. 1. The motion of the field for the cases n = 2 and n = 3, with parameters λ = 10−20 (n = 2), µ = 0.1Mpl (n = 3), ε0 = 0.03, θε = 3, α = 1010, and mφ = 0.1 GeV.

Fig. 2. The ratio nB−L/s for the cases n = 2 and n = 3; the dimensionless time τ =
mφt .

Fig. 3. The motion of the absolute value of the field as a function of dimensionless 
time τ =mφt for the case n = 2. The red solid line shows the result of the numeri-
cal integration and the black dashed line shows the time-dependent minimum. The 
evolution is plotted up until H = Hosc . (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.)

the case of Affleck–Dine baryogenesis during a phase of perturba-
tive reheating.

After the B − L has been generated it is stored in the scalar con-
densate (it cannot decay through the symmetry-violating operators 
because φ is close to zero at this point and these are less impor-
tant than the symmetry-preserving operators [28]), which either 
decays, or, more likely, fractures into Q-balls [28–31]. Q-balls are 
non-topological solitons that exist in any U(1) theory where the 

minimum of V (|φ|)/|φ|2 occurs at some value other than φ = 0
[32], and are the end state of many Affleck–Dine models.8 They 
are unstable to decay to fermions [33] and are therefore one way 
of transferring the asymmetry to the visible sector. We discuss how 
this may occur presently.

4. Mediation to the visible sector

The Affleck–Dine mechanism naturally includes a method of 
transferring the asymmetry to the visible sector because φ typ-
ically corresponds to some flat direction for a combination of 
squarks or sleptons. In our scenario, we need to ensure that 
the asymmetry transfer is possible whilst still satisfying particle 
physics bounds. Here, we will focus on couplings to the standard 
model, although the implementation of the mechanism into be-
yond the standard model theories is certainly possible [34–38]. We 
will focus on one simple possible transfer mechanism as a proof 
of principle; there are numerous possible ways of incorporating a 
U(1)B−L scalar into different particle physics models, even more so 
given that the nature of X is not fixed by our mechanism, nor is 
the particle that comprises the dominant component of dark mat-
ter today.

The lowest dimension operator that is both a gauge singlet 
under the standard model gauge group and carries a net lepton 
number is the neutrino portal operator L̄ H̃ [39,40] (see [41] for 
a UV completion), where L = (l νl)T is a left-handed lepton SU(2)
doublet9 and H̃ = iσ 2H∗ is the charge-conjugated Higgs doublet. 
This operator only carries lepton number and so the simplest op-
erator we can write down that couples it to our scalar that we use 
to generate the B − L asymmetry is the dimension-five operator

φ L̄ H̃Y
)

+ h.c. = gφν̄lY + h.c., (21)

where Y is a singlet fermion, ) is the cut-off for the effective 
field theory, g = v/

√
2) with v ∼ 246 GeV being the Higgs VEV, 

and the second equality holds in the broken-symmetry phase. Note 

8 The specific model we have studied here does not satisfy the condition for the 
existence of Q-balls (although this conclusion is likely to change once radiative cor-
rections are accounted for) and so we expect the field to decay perturbatively. We 
expect that any more realistic generalization will likely end up as Q-balls. It would 
be interesting to investigate the properties of Q-balls that are coupled to dark mat-
ter in future work.
9 In general, one has a Yukawa matrix for all three generations. We do not con-

sider this here for simplicity.
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Fig. 1. The motion of the field for the cases n = 2 and n = 3, with parameters λ = 10−20 (n = 2), µ = 0.1Mpl (n = 3), ε0 = 0.03, θε = 3, α = 1010, and mφ = 0.1 GeV.

Fig. 2. The ratio nB−L/s for the cases n = 2 and n = 3; the dimensionless time τ =
mφt .

Fig. 3. The motion of the absolute value of the field as a function of dimensionless 
time τ =mφt for the case n = 2. The red solid line shows the result of the numeri-
cal integration and the black dashed line shows the time-dependent minimum. The 
evolution is plotted up until H = Hosc . (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.)

the case of Affleck–Dine baryogenesis during a phase of perturba-
tive reheating.

After the B − L has been generated it is stored in the scalar con-
densate (it cannot decay through the symmetry-violating operators 
because φ is close to zero at this point and these are less impor-
tant than the symmetry-preserving operators [28]), which either 
decays, or, more likely, fractures into Q-balls [28–31]. Q-balls are 
non-topological solitons that exist in any U(1) theory where the 

minimum of V (|φ|)/|φ|2 occurs at some value other than φ = 0
[32], and are the end state of many Affleck–Dine models.8 They 
are unstable to decay to fermions [33] and are therefore one way 
of transferring the asymmetry to the visible sector. We discuss how 
this may occur presently.

4. Mediation to the visible sector

The Affleck–Dine mechanism naturally includes a method of 
transferring the asymmetry to the visible sector because φ typ-
ically corresponds to some flat direction for a combination of 
squarks or sleptons. In our scenario, we need to ensure that 
the asymmetry transfer is possible whilst still satisfying particle 
physics bounds. Here, we will focus on couplings to the standard 
model, although the implementation of the mechanism into be-
yond the standard model theories is certainly possible [34–38]. We 
will focus on one simple possible transfer mechanism as a proof 
of principle; there are numerous possible ways of incorporating a 
U(1)B−L scalar into different particle physics models, even more so 
given that the nature of X is not fixed by our mechanism, nor is 
the particle that comprises the dominant component of dark mat-
ter today.

The lowest dimension operator that is both a gauge singlet 
under the standard model gauge group and carries a net lepton 
number is the neutrino portal operator L̄ H̃ [39,40] (see [41] for 
a UV completion), where L = (l νl)T is a left-handed lepton SU(2)
doublet9 and H̃ = iσ 2H∗ is the charge-conjugated Higgs doublet. 
This operator only carries lepton number and so the simplest op-
erator we can write down that couples it to our scalar that we use 
to generate the B − L asymmetry is the dimension-five operator

φ L̄ H̃Y
)

+ h.c. = gφν̄lY + h.c., (21)

where Y is a singlet fermion, ) is the cut-off for the effective 
field theory, g = v/

√
2) with v ∼ 246 GeV being the Higgs VEV, 

and the second equality holds in the broken-symmetry phase. Note 

8 The specific model we have studied here does not satisfy the condition for the 
existence of Q-balls (although this conclusion is likely to change once radiative cor-
rections are accounted for) and so we expect the field to decay perturbatively. We 
expect that any more realistic generalization will likely end up as Q-balls. It would 
be interesting to investigate the properties of Q-balls that are coupled to dark mat-
ter in future work.
9 In general, one has a Yukawa matrix for all three generations. We do not con-

sider this here for simplicity.
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Summary
The intergalactic magnetic field is  the interesting subject to understand the origin of cosmic magnetic fields, and the TeV
gamma-ray spectrum 

There are several ideas to generate primordial magnetic fields. For each case, there is some limitation from the UV point of 
view. 

The Affleck-Dine type rotating scalar fields driven by small PQ breaking terms generate maximally helical magnetic fields like 
the case from Chiral Magnetic Effect.  This idea can overcome several problems raised in magnetogenesis. 

Thanks to the helicity, baryon asymmetry also can be generated with a reasonable value. 
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