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Chiral magnetohydrodynamics
INn the early Universe cosmology
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l.Introduction — Why primordial magnetic fields? —
2. Magntohydrodynamics (MHD) and chiral magnetic effect
3. Application of chiral MHD in the early Universe
) Chiral plasma instability in the early Universe
1) Chiral MHD with zero total chirality
4. Summary
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Introduction — Why primordial magnetic fields? —
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Magnetic fields (MFs)are ubiguitous in the Universe.
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Observations of the intergalactic magnetic fields

AGN/Blazar
~TeV r
~ 100 Mpc
(from nasa.gov) Intrinsic (from nasa.gov)
spectrum
-
GeV TeV

Simulation by Volker Springel, Virgo Consotium
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Observations of the intergalactic magnetic fields
Fermi upper bound Intrinsic
| Theoretical |1 £ j R
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Non-observation of the secondary cascade GeV photon can
give the lower bound of the intergalactic magnetic fields
(iIndirect implication) p—
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Observations of the intergalactic magnetic fields
(from nasa.gov) B
(from esa.int) 10-11 - T I T I I B
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- —— B=10"1%0G ¢  Fermi-LAT PS -
pair creation = —— B=10""YG # IACTPS W
Intergalactic MFs i 10‘14—§ B=10"140G Halo UL for B=10"190 G \“\\\ 3
(from nasa.gov) GRS S T A g St \\\ 10-3 102 100 = 100 i 10!
spectrum seconccjary i ',/\j\ \‘ Energy [TeV]
= cascade photon ) £ | |
GeV TeV GeV TeV 1804.08035 (Fermi-LAT collaboration)
Non-observation of the secondary cascade GeV photon can
give the lower bound of the intergalactic magnetic fields
(iIndirect implication)
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| atest constraints from Fermi

Field strength Constraints from BBN
B T " CMEB corstrants
-8 Inconsistent with MHD g .
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| atest constraints from Fermi

Field strength
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Constraints from BBN
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Absence of GeV cascade photons

o

Intergalactic MFs

/

Cosmology/ | [Astrophysics

Early Universe

¥

Other mechanism
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Absence of GeV cascade photons

Intergalactic MFs

Cosmology/
Early Universe
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We might expect that they are relics from the early Universe.

1. Long range MFs are not in thermal equilibrium but keep their long-range spectrum
(no “thermal” mass for the MFs). => Carry the information before the recombination?

2. Generation mechanism (magnetogenesis) may need new physics beyond the SM.
=> Target for the phenomenological model builders, such as axion inflation or phase transition.

3. Chiral effects may play an important role of their generation and/or evolution.
=> |Interest for field theorists.
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We might expect that they are relics from the early Universe.

1. Long range MFs are not in thermal equilibrium but keep their long-range spectrum
(no “thermal” mass for the MFs). => Carry the information before the recombination?

2. Generation mechanism (magnetogenesis) may need new physics beyond the SM.
=> Target for the phenomenological model builders, such as axion inflation or phase transition.

3. Chiral effects may play an important role of their generation and/or evolution.
=> |Interest for field theorists.

Baryon asymmetry of the Universe can be also explained!
(98 Giovannini & Shaposhnikov, 16 Fujita & KK, KK & Long)

Sut | will not explain that much in detail in this talk---.
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Magnetohydrodynamics (MHD) and chiral magnetic effect
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Now | have In mind the evolution of magnetic fields
IN the radiation dominated, very early Universe

Standard Model of Elementary Particles
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Now | have In mind the evolution of magnetic fields
IN the radiation dominated, very early Universe

Standard Model of Elementary Particles

Dal’kEnergy vror geratalvoms 2l ol tderar barn i Mvav e
ACCElefated ExpanSlon DCBREE »° ¢ . *s' @ et e 0 Tl L OO -,

Afterglow Light

Pattern Development of

e sl Universe filled with thermal b [0 '®| @) H
plasma of the relativistic —
- c S b Y |
particles of the Standarad doun || swsage || bostom || photon |
Model of Particle Physics o ' || @ i
. mi“ioanigy rB:ng Expansion v ve “V“ VI W

Electric fields are screened while long-wave magnetic fields exist
with a coherence length longer than the Debye screening scale ~ (¢7)"' (n~T?)
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Now | have In mind the evolution of magnetic fields
IN the radiation dominated, very early Universe

Standard Model of Elementary Particles

Dal’kEnergy vror geratalvoms 2l ol tderar barn i Mvav e
ACCElefated ExpanSlon Tetwdanrsy) [henee -,

Afterglow Light
Pattern Development of
375,000 yrs. f Galaxies, Planets, eilc.

Universe filled with thermal u ¢ : ® | H

plasma of the relativistic =l = —
_ d S b ¥y |
particles of the Standard doun || susage || vosiom || photon
Model of Particle Physics o ' || @ i
. mi“ioanigy rB:ng Expansion v ve M VI W

Electric fields are screened while long-wave magnetic fields exist
with a coherence length longer than the Debye screening scale ~ (¢7)"' (n~T?)

=> |t Is appropriate to describe 1t with magnetohydrodynamics (MHD).
— e — =
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MHD equations

The dynamical degrees of freedom:

~ Magnetic field: B=V x A, Plasma velocity: U, Energy density: 0

— T .=
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MHD equations

The dynamical degrees of freedom:

~ Magnetic field: B=V x A, Plasma velocity: U, Energy density: 0

. 0B
Maxwell eq. : %—t:vX ux B—nJ], J=V xB,

. Du

Navier-Stokes eq. : P = (VxB)xB—-Vp+V-Q2upS)+pf

g D 1 1

a—r.JX B

1, V : resistivity/viscosity
= B — —
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MHD equations

The dynamical degrees of freedom:

~ Magnetic field: B=V x A, Plasma velocity: U, Energy density: 0

Maxwell eq. : %—f:vX[uxB—nJ], J =V x B,
. D
Navier-Stokes eq. : pﬁ =(VxB)xB—-Vp+V - -Q2upS)+pf
P D 1 1

Wia—>. ] 5
N, V : resistivity/viscosity
Hard to solve analytically -> Solve humerically and find the physics.

(cosmic expansion is hidden in the "comoving” frame, B, =a °B.)
— _-=:1-3_-D, e
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Cosmological MHD (supposing a generation mechanism)

=> homogeneous and isotropic magnetic (and velocity) fields

Set the configuration such that the spectrum satisfies
(Bi(k)) =0 (Bi(k)B;(K')) = (2m)° ((57:3' — kik;)S (k) + i€ijrkn (k)) o(k — k')

(5(k) = A())

— — = —
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Cosmological MHD (supposing a generation mechanism)
=> homogeneous and isotropic magnetic (and velocity) fields

Set the configuration such that the spectrum satisfies

(Bi(k)) =0
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(Bi(k)B;(K)) = (2m)* (055 — ik,

107°
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-helical: A(k) =0

10°
k/k

107"

[Uioko]

£k, t)

4

maximally-helical:A(k)

VS (k) + e ko (k)) S(k — k')

T T

=

k/k,

10°
"1 7/ Brandenburg & Kahniashvili

10°

(5(k) = A())

— S(k)

E(k) = kS(k)

Numerical simulation finds self-similar evolution of magnetic and velocity fields.
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Maximally-helical magnetic fields

[Uiaka]

E(k,t)

'1 7/ Brandenburg & Kahniashvili

e —<539— —
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Maximally-helical magnetic fields

Evolution can be understood by the conservation of magnetic helicity

Magnetic helicity

--- difference between right- and left-
circular polarization modes; describes twist
and linkage of magnetic field lines

[Uiaka]

E(k,t)

15 Hirono+

'1 7/ Brandenburg & Kahniashvili
ol ya- 5 k'peakA(kpeak) a5 kpeaks(kpeak) s E(kpeak) = const.

— = ——
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Maximally-helical magnetic fields

Evolution can be understood by the conservation of magnetic helicity

Magnetic helicity

--- difference between right- and left-
circular polarization modes; describes twist
and linkage of magnetic field lines

'15 Hirono+ | by
'1 7/ Brandenburg & Kahniashvili

HY B kpeakA(kpeak) s kpeaks(kpeak) ~ E(kpeak) — const.
Together with the time scale of the evolution, we obtain the scaling solution,
—2
L~ ]-/(kpeakv) X 1/(kpeakB) X 1/(kpeak\/kpeakE(kpeak)) kpeak X t /3
'04 Banerjee & Jedamzik, '24 Uchida, KK+
— —Ci&— e
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Non-helical magnetic fields

[Uiaka]

E (k1)

10~ 10° 10°
k/ ko
'1 7/ Brandenburg & Kahniashvili

- —— 2 —‘*— .
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Non-helical magnetic fields

No conserved quantity”? How to understand???

107"
< 107°
NEDS%
— 107°
= 101
=] 1012

107" 10° 10°
k/kq
'1 7/ Brandenburg & Kahniashvili
 — —‘5339— —
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Non-helical magnetic fields

No conserved quantity”? How to understand???

Recently, new conserved gquantity Iis found

107*
® 3 10
5
§§ 1071
&N 1012
T
k/ ko
Hosking integral: ~ Two-point function of helicity /- Brandenburg RN
21,22 Hosking & Schekochihin
/d3r<h(m)h(w + 7)) ~ (E(kpeak))zk;;k = const.
—— - —
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Non-helical magnetic fields

No conserved quantity”? How to understand???

Recently, new conserved gquantity Iis found

10~ 10° 10
k/kq

Hosking integral: ~ Two-point function of helicity L7 Brandenburg, &SR

21,22 Hosking & Schekochihin Time scale argument e.g. reconnection
=> .0, Ekpear) < t 71217 ke ot

but depends the parameters.
'23, 24 Uchida, KK+

/d3r<h(m)h(w + 7)) ~ (E(kpeax))*k-2, = const.

pea

e -
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Regime dependent analysis:--

'24 Uchida, KK+

//

//

/////%

) /

////

______

Slide Background Courtesy: H. Oide



16/32

- — = =

Is It complete to describe the magnetic field evolution in the early Universe?

— — = — —
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Is It complete to describe the magnetic field evolution in the early Universe?

No, In the hot early Universe, we need to take into account the
chiral asymmetry.

e Yukawa interaction is ineffective
o, - = approximate conserved quantity
roren | | => Chirality !
! Etau :muon E E electron

Etop E E Charmi E upi

E ottom : strange lOWIlE Y e ™ 2
E,b, ,g,?, o M _E:Giciyi:ui
10 10® 108 10" 10° 107 10° 103 | 1

(Figure from '20 Domcke+)

toc T 1 -
Another dynamical DOF for MHD.

Equilibrium temperature of Yukawa/sphalerons

— —— = ==
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In the presence of chirality,
we are interested in the chiral magnetic eftect.

E—— —
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MHD equations

The dynamical degrees of freedom:

~ Magnetic field: B, Plasma velocity: 44, , Energy density: 0 |

. B
Maxwell eq. : %:Vx[uxB_nJL J =V x B,
Du
Navier-Stokes eq. : p—— o =(VxB)xB—-Vp+V - -Q2upS)+pf
P Dp
Continuity eq.: —/— = —pV -
Y e pV - u
1 1
SZJ 55(8 uz+8u3) S%Vu
Tl <. B
— R T, V " resistivity/viscosity
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MHD equations are extended to chiral MHAD

The dynamical degrees of freedom:

[ Magnetic field: B , Plasma velocity: 4, Energy density: £, Chirality: U5 ]

0B

Maxwell eq. : —— =V x[uxB-nJ-CusB), J=VxB,
Du
Navier-Stokes eq. : p—— 5 = (VxB)xB—-Vp+V - -Q2upS)+pf
T e L
Continuity eq. : CSTRE oV - u
D
Anomaly eq.. Dﬁf’: D5V s + \n[B - (V x B) — Cus B
S@J E%(a uz+8u3) ;%Vu
; 6C 512
ng—ﬂ, Awﬁ, <n52M3 ) = e 5
> P — 1, V " resistivity/viscosity
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MHD equations are extended to chiral MHAD

The dynamical degrees of freedom:

[ Magnetic field: B , Plasma velocity: 4, Energy density: £, Chirality: U5 ]

0B

Maxwell €d. . W — [’U,XB—H(J—C/L5B)]7 J:VXB,
Du
Navier-Stokes eq. ; P e (VxB)xB—-Vp+V-Q2upS)+pf
T e L
Continuity eq. : CSTRE oV - u
Dy

> = DsV2us 4+ An[B - (V x B) — CusB?]

Anomaly eq.: o

1 1
Sz’j — 5(831% BB 87,163) = —%-V U

Lol | ; : :

More non-trivial evolution Z5 9k 6T_62* <n52 u53T ) F—JxB

IS expected. By e T
— R T, V :resistivity/viscosity
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Application of chiral MHD in the early Universe

e T ——————— 4___——————\—%9'——_—‘ e e ——
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Chiral plasma instability in the early Universe

e T ——————— 4___——————\—%9'——_—‘ e e ——
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Chiral plasma instability

Maxwell's equation Iin the momentum space:

dBF
dt

0 (-KBE £CuskBE ) +(V x (v x BY),

— e — ——
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Chiral plasma instability

Maxwell's equation Iin the momentum space:

dB:: * ot
dtk — 1 (_kQBk ::C,Ug’)kB];_ ) e (V X (’U pa B—_))k
=> one helicity mode fteels instabllity
— —— = ==
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C h I ra | p | a S m a I n Sta b I I lty (97 Joyce&Shaposhnikov; '13 Akamatsu & Yamamoto)

Maxwell's equation Iin the momentum space:

dB;- i
dtk =n(—k*B;;, +CuskBi )+ (V x (vx BY)),

=> one helicity mode fteels instabllity

If U is negligibly small and x: is kept constant, one helicity mode of (hyper)MF

2
(depending on the sign of p: ) feels instability at %~ k. = 0y s, gs B x exp :—CT (for 1 >0)
70 e

(97 Joyce&Shaposhnikov)

Maximally helical (hyper)MFs will be strongly amplified!

— - =
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C h I ra | p | a S m a I n Sta b I I lty (97 Joyce&Shaposhnikov; '13 Akamatsu & Yamamoto)

Maxwell's equation Iin the momentum space:

dB;- s
dtk =n (—k*B, +CuskB;i: )+ (V x (v x BY)),

=> one helicity mode fteels instabllity

If U is negligibly small and x: is kept constant, one helicity mode of (hyper)MF

(depending on the sign of u; ) feels instability at x ~ &, = _ Qvfs  gg B xexp | 2e7| (for # >0)
T O N
(97 Joyce&Shaposhnikov)

Maximally helical (hyper)MFs will be strongly amplified!

DD > ¢
Note: total helicity is conserved 9,.j5 = gzgﬂ Y A=) (Q5 T ’H) =0

— e —
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Numerical MHD results

1010 T IIIIII|

~~ toe ‘\
~ A
~~‘ R ‘\‘ R
15 L
10 [ . S A Y N Y I

1 10 100
k (17 Schober+)

confirmed complete “conversion” from the chiral asymmetry to the magnetic helicity

— - -
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Numerical MHD results

10°
a '_'_"""'"'l'-='."_|, * et
fﬂ/ ..........
c- I I < T
-
66 E—
>
:
al
C\]ﬁ Brms ]
é Urms = = = -
& (A - B) -
5 10-12 2pbrms /A —=—=-
£ B (A - B) + 2ftrms/ A —me
10~ | | |

(17 Schober+)

confirmed complete “conversion” from the chiral asymmetry to the magnetic helicity

—_— —‘%’9— =

Slide Background Courtesy: H. Oide



22/32

—_— -@— ——

Numerical MHD results

schematic picture

10° 5 é
r*y Phase 1 Phase 2 Phase 3
Q.Q 100 =— I
< | T Hy
~— —2 -
107 — = ffem T L e = - — =~ —

'g ) VIVURVEIOR

av 10—4 ]
)

" —06

- 10

3 -8
C\]ﬁ 10 Brms o

g _ Urmg = = = -
g 1070 (A B ~

% 10—12 2fbrms /A —-—--

1071 |- (A B) + 2t/ A =

S

107 | | | T
('17 Schober+)

('23 Kamada, Yamamoto, Yang)

confirmed complete “conversion” from the chiral asymmetry to the magnetic helicity

—_— —%9— —
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Cosmologically interesting conseguences?
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Cosmologically interesting conseguences?

- An asymmetry (does not have to baryon) generation mechanism leads to CPI

-> Baryon asymmetry Is generated at the electroweak symmetry breaking.
(16 KK&Long, '18 KK)

— - =
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Cosmologically interesting conseguences?

- An asymmetry (does not have to baryon) generation mechanism leads to CPI

-> Baryon asymmetry Is generated at the electroweak symmetry breaking.
(16 KK&Long, '18 KK)

Gauge group Magnetic helicity
SU2)w x ULy = U(Dem

H}k}efore - Hsrf;ier Vi H}b/efore
Large-scale (massless) MFs HET — cos2 By HEET — cos? 0y HESTOTe

: Ngfg,e\l,"vg ~ sin’ 0w H jr{;fer i HWHxliefore
By — Bey = cos Oy By + sin 0, By s

é )
AHY = — SiIl2 HWHSt}efore
BAU.: AN o sin Gy Fbefore AQp = #ANgg — #AHy ~ sin? Oy HEeore
~ Y
g W,
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Cosmologically interesting conseguences?

- An asymmetry (does not have to baryon) generation mechanism leads to CPI
-> Baryon asymmetry Is generated at the electroweak symmetry breaking.

By — Bem = cos Oy By + sin 0, Byys

Gauge group
SU(Q)W X U(l)y — U(l)em

Large-scale (massless) MFs

(16 KK&Long, '18 KK)

Magnetic helicity

before after before
Hy — H.,w = Hy

after 2 after 2 before
Hy™" =cos® 0w H.. |~ = cos” Oy Hy

Ngfg,e\l;vg ~ sin? 0w H jr{;fer — sin? HWHxl}efore

\_

BAU:

- 2 before
AHY — — Sl ewHY

ANCS - Sin2 HWHXk;efore

\

AQB — #ANCS — #AHY ~ sin2 HWH}Eefore

J

- A large lepton flavor asymmetry,

T

"2 > 4% 107% (thought to be harmless),

IS ruled out otherwise we suftfer from baryon overproduction. (23 Domcke, KK+)

C—

E——

—
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Intergalactic MFs cannot be explained
by primordial MFs before EWSB.
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Chiral MHD with zero total chirality
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What happens if we start from a balanced initial condition?

@7
Q5 | 47_‘_7‘[—0

— — = — —
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What happens if we start from a balanced initial condition?

Q
(5 47TH_O

En

positive helicity mode

negative helicity mode

—_— —%9— —

Slide Background Courtesy: H. Oide



26/32

— —— —
What happens if we start from a balanced initial condition?

Q
(5 47TH_O

En

positive helicity mode

AN

negative helicity mode

—_— —%9— —

Slide Background Courtesy: H. Oide



26/32

—_— e —, - —
What happens if we start from a balanced initial condition?
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What happens if we start from a balanced initial condition?
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What happens if we start from a balanced initial condition?

@7
QE) | 47_‘_7'[—0

En

(€*/167%)H/(T7/6)

positive helicity mode exponential growth?

negative helicity mode

fis

5.0

—_— . —‘5'?——"" g—

Slide Background Courtesy: H. Oide



— e~ —
The result turned out to be---

p 10.0000f
3.
I V' 1.0000F
= 10 ° Fg
\g ©
e ' 0.1000
< 1078k A
| =
o 3 0.0100F
5 10710 v .
A
— += 0.0010F N
\&/ -12 \} \\"\ _4/3
= 10 ° ~.1
= 0.0001| N R
0.1 10 10.0 1 10 100 1000 10000
k/kO ’ T} ;
('23 Brandenburg, KK+) (23 Brandenburg, KK+)

- weaker amplification of negative helicity mode
- Inverse cascade for long-wave length positive helicity mode
with the conservation of Hosking integral

- chirality-helicity annihilation proceeds with a power law decay
- — —<—='?=>— _—
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The result turned out to be---
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This results are tfor mildly separated case.
For large separation case, some of the features would difter.
But not exponential but power-law decay ot chirality and helicity

would be common, though we need further investigation.

\_ J
0.1 T.0 T0.0
k/kO y /r} y
(23 Brandenburg, KK+) ('23 Brandenburg, KK+)

- weaker amplification of negative helicity mode
- Inverse cascade for long-wave length positive helicity mode
with the conservation of Hosking integral

- chirality-helicity annihilation proceeds with a power law decay
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Cosmologically interesting conseguences?
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Cosmologically interesting conseguences?

Dynamics after axion inflation.
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Inflation N I
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At reheating, electric fields are screened while magnetic fields remain,
keeping the total (hyper)magnetic helicity.
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How do they evolve after reheating?
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At reheating, electric fields are screened while magnetic fields remain,
keeping the total (hyper)magnetic helicity.
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39”2 hy How do they evolve after reheating?
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exponential annihilation?
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How do they evolve after reheating?

exponential annihilation?

unlikely. .
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39”2 hy How do they evolve after reheating?
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likely power law decay
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Chirality breaking electron Yukawa

Interaction becomes active at T ~ 100TeV (92 campbell+)
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T ~ 100TeV

5 1B

T’ Together with the “EW sphaleron”,
NTiation
baryon and chirality 1s washed out.
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Interaction becomes active at T ~ 100TeV (92 campbell+)
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o 39% by At the EWSB, SM U(1) turns to our electromagnetic
B> 16n2 . . .
: - ne field, which induces baryon number.
5 \;En (98 Giovannini&Shaposhnikov, '16 KK & Long)
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rYsS o .
T = T T ~ 100GeV
N5 NB
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Inflation AQp = AQL =N, (ANCS 1672 AHY)
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39’2 hy At the EWSB, SM U(1) turns to our electromagnetic
field, which induces baryon number.
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Still difficult to reconcile the BAU and intergalactic MFs:-:

14 //

| %///

og10(B/Gauss)

@W////&JJ

(6 /M 16 KK & Long, 24 Uchida, KK+ to appear
But axion inflation can generate helleal porimordial MFs as
the origin of BAU., —  _ aa
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Summary
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- Blazar observation motivates us to study cosmological MHD.

- New conserved quantity (Hosking integral) improved our understanding.

- Chiral magnetic effect is an interesting effect for many fields of physics.

- Magnetohydrodynamics is modified to Chiral Magnetohydrodynamics (CMHD)
taking into account it.

- Chiral plasma instability can be used to explain the BAU as well as constrain
the phenomena Iin the early Universe.

- Interesting behavior of CMHD is found with the balanced initial condition
of the chirality and helicity.

- Axion inflation realizes such an initial condition, in which late time CMHD
evolution of the system is important for the baryon asymmetry of the Universe.

- |t Is difficult to reconcile the blazar observation and BAU, but primordial MFs

are interesting as the origin of the BAU.
— — = —
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Appendix
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Q: Isn’t electric current induced by magnetic field?
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Q: Isn’t electric current induced by magnetic field?

No, for usual media. Parity doesn't allow It.
P 9—+—, FEF——-FE B—B
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Q: Isn’t electric current induced by magnetic field?

No, for usual media. Parity doesn't allow It.
P 9—+—, FEF——-FE B—B

If there Is a parity odd quantity
INn the system, electric current
can be induced by magnetic fields.
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Q: Isn’t electric current induced by magnetic field?
No, for usual media. Parity doesn't allow It.

P 9—+—, FEF——-FE B—B
Chirality of fermions

If there Is a parity odd quantity
INn the system, electric current o
can be induced by magnetic fields.

left-handed «<——— right-handed

Parity

from the slide of N. Yamamoto
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Q: Isn’t electric current induced by magnetic field?
No, for usual media. Parity doesn't allow It.

P 9—+—, FEF——-FE B—B
Chirality of fermions

If there Is a parity odd quantity
INn the system, electric current o
can be induced by magnetic fields.

left-handed «<——— right-handed

Parity

. _ . 2«
Chiral magnetic effect: 3 = —usB
T

from the slide of N. Yamamoto
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The relevance of the CME and chiral anomaly
can be seen by looking at the Landau level

Right-handed fermion Left—handed fermion

(‘83 Nielsen&Ninomiya)

Landau degeneracy ftactoer: n; =

e3
27’(’

The number of states with p= >0
IS large for right-handed fermions
with charge +e and vice versa

positive current In z-direction
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The relevance of the CME and chiral anomaly

Right-handed fermion

(‘83 Nielsen&Ninomiya)

Landau degeneracy ftactoer: n; =

e3
27’(’

ey

Left—handed fermion

can be seen by looking at the Landau level

The number of states with p= >0
IS large for right-handed fermions
with charge +e and vice versa

positive current In z-direction

Applying E-field in the same
direction, enhances the difference
IN R- and L- fermions.

d 2
EZ_E B
dt 272
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The relevance of the CME and chiral anomaly
can be seen by looking at the Landau level

\%: :o»/ The number of states with p- >0
\/ IS large for right-handed fermions
| with charge +e and vice versa
5/2 positive current in z-direction

— i \E
ﬁ - %;\\\ Applying E-field in the same

direction, enhances the difference
IN R- and L- fermions.

e dn5 e? i e? =
Landau degeneracy factoer: n; = = e ﬁE BEnwd, it = 5 Fu "
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Right-handed fermion Left—handed fermion
(‘83 Nielsen&Ninomiya)




