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Why is “God” left-handed?

® The laws of physics are (almost) left-right symmetric.

® Exception: weak interaction acts only on left-handed particles.

“God is just a weak left-hander.”
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https://arxiv.org/abs/2207.09184

Chiral transport phenomena
(general perspective)



Transport phenomena

® C(lassical and familiar examples:
¢ Ohm’slaw: jJe=0FE

® Fourier’s law: jgo = k(—VT)






Parity

® Assume the relation: 7. =&B
e Under the parity, —j.=¢B (- B is axial-vector)

® [t is consistent with parity when £ = 0.



Chirality

® Possible in chiral matter: je ~ (ur — p1,)B

® This is the chiral magnetic effect (CME).
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Chiral magnetic effect
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Vilenkin (1980); Nielsen, Ninomiya (1983); Fukushima, Kharzeev,Warringa (2008), ...



Chiral vortical effect
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Vilenkin (1979); Erdmenger et al. (2009); Banerjee et al. (201 |);
Son, Surowka (2009); Landsteiner et al. (201 1)



Chiral matter

See talk by Jennifer Schober

Electroweak plasma in early Universe Joyce, Shaposhnikov (1997), ...
Quark-gluon plasma in heavy ion collision Fukushima, Kharzeev,Warringa (2008), ...
Weyl semimetal (“3D graphene”) Nielsen, Ninomiya (1983), ...

Neutrino matter in supernovae Yamamoto (2016), ...

Quark-Gluon Plasma  Weyl semimetal Supernovae

http://wwwO.bnl.gov/rhic/news2/



http://www0.bnl.gov/rhic/news2/




Puzzle of magnetars

® Surface magnetic field ~10!> G (“the strongest magnet”)

® Origin of such a powerful and stable magnetic field?




Magnetic helicity

® H = /dgwA - B : linking of magnetic fluxes (topological stability)

® Typically assumed as initial conditions, but its origin is unclear
(global #Z cannot be generated by parity-even MHD).

poloidal
H=0 H#0




Drawback of the theory

® Conventional transport theory ignores the left-handedness of v.

— not qualified as a correct low-energy effective theory
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Why one should care?

® All the laws of physics are based on symmetry principle:

® Standard Model of particle physics, hydrodynamics for
(super)fluids, Ginzburg-Landau theory, ...

® Examples of the importance of chirality:
® 7110 =2V due to the chirality of quarks

® Baryon number violation due to the chirality of quarks/leptons



Supernova = Giant Parity Breaker

p+e = mn+tve

Ohnishi,Yamamoto (2014); Grabowska, Kaplan, Reddy (2015); Sigl, Leite (2016), ...



From micro to macro
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Hydrodynamic evolution of core-collapse supernovae



From micro to macro

Micro

METdge)

Standard Model of Particle Physics
l(— Systematic derivation from SM!?

Nonequilibrium effective theory for v

l

Hydrodynamic evolution of core-collapse supernovae
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Conventional derivation
for neutral massless scalar field (spin 0)
Green’s function: S<(z,y) = (6" (y)¢(2)), S (z,y) = (d(2)6 (1))
Equation of motion: 0,5<(z,y) =0

Wigner function: S<(¢,X) = /e‘iq'35< (X + g,X — g) ~ f(q,X)

S

Derivative expansion: dx < g » ¢-0xf(q,X)=0

collisionless Boltzmann equation



Chiral radiation transport
theory for neutrinos



From QFT to chiral kinetic theory

see, e.g., Hidaka, Pu,Yang, PRD (2017)

® Wigner function: S<(q,z) = /e_iq'wa(x +y/2)(x —y/2)) = oML}

Yy
® Equations of motion: D, L~V =0,
Q,u['<'u = 0,
Duﬁf — D,,E; = —ZGMVqup£<J

AN N /N
wWw NN =
N— N N

where DL =0,L; —X5L] +X7 L5

e Solution of (2), (3): £L* =276(¢°)(¢"—S""'D,) f< frame vector
where S*" = P gans
2q - n

® |nserting it into (l) — transport equation with collisions
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Chiral radiation transport theory

Yamamoto, Yang, Ap| (2020)

General Relativity + Standard Model + Nonequilibrium Field Theory

emission  absorption

¢"D,—(D,S")0, + S ¢ R, 00 f = (1 — [)T< — T~

pUY

Dy =V, —T5,q"0, T =(¢"-DuS") 53,

® Systematic derivation from the underlying Standard Model

® New terms explicitly break spherical and axi-symmetries



Chiral radiation transport theory

Yamamoto, Yang, Ap| (2020)

A practical version (with n* = (1,0) ignoring curvature)

emission absorption

¢"Dyf= Q1= 0" = fT7

Dy =V, — I’ﬁyq’/ﬁq)\, s = (




Chiral radiation transport theory

Yamamoto, Yang, Ap| (2020)

A practical version (with n* = (1,0) ignoring curvature)

emission absorption

" Duf = (1= IS = fI7, T= =503 (g w) +T=(g - B)
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[ ©) was computed in Reddy, Prakash, Lattimer, PRD (1998)




Chiral radiation transport theory

Yamamoto, Yang, Ap| (2020)

A practical version (with n* = (1,0) ignoring curvature)

emission absorption

¢"Duf =(1— f)I< = fI7, IS xTOS41@5(g.w) + T P3(q- B)

1 1
L §€uva5u1/a&u6’ Bt = §€MVQBUI/F(XB

Neutrino current and energy-momentum tensor (ignoring nonlinear in f)
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& corresponding chiral corrections in matter sector (back reaction)



Nonequilibrium chiral effects by B

Yamamoto, Yang, PRD (2021), arXiv:2211.14465

® Neutrino current near equilibrium:

1 eQﬁ(Nn_Mp)

_ V - v)u, B’
2r MNG%(9% + 395) Nn — N (V- v)u

10 Y
TV U], N

® FElectric current induced by generic nonequilibrium neutrinos:
Je =EB

FO-4) 0,
1 — eB(Mn—,U«p) 1 — eﬁ(#p_ﬂn)

. 1 00
£p = 4—7T3(9% +391)Gr(np — nn)/ p°dp [
0

Effective chiral magnetic effect (without ls)
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Je,V x B :nonequilibrium many-body manifestation of the chiral effect



Effective chiral magnetic effect

Je = [#us +#v - w+E&p(fr) +---]|B

U5 generated by the electron capture p + el o n+ vgj

— may be erased by chirality flipping (er < eL) due to finite m,
Ohnishi,Yamamoto (2014); Grabowska, Kaplan, Reddy (2015); Sigl, Leite (2016), ...

Kinetic helicity generated by hydro evolution with CVE
— globally present unlike turbulent generation (Q effect)

Yamamoto (2016) For the conventional a effect, see talk by Matsumoto

£p(f,) due to scattering with nonequilibrium neutrinos

Yamamoto, Yang, arXiv:22| |.14465



Effective chiral magnetic effect

Jo = [#us +#v - w HEs (/o)

® £(f,) due to scattering with nonequilibrium neutrinos

1

- 4—3(9\2/ + SQX)GIQ?(np — nn)t /OO p2dp [ fe(l _ fy) (1 B fe)fu
m 0
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B

~ (0.1-1MeV in the gain region

Yo~04, p~10Pg-ecm™, T ~ 10" K, py — pp ~ 3MeV, t ~ 0.1s

Matter sector gains not only energy but also helicity



Local simulation for supernovae

Masada et al., arXiv:1805.10419; Matsumoto et al, arXiv:2202.09205

Chiral magnetohydrodynamic (MHD) equations

O (pv) + V - (pvv) = =V P + J x B + (dissipation)

0B =V x (vx B)+nV°B+nV x ((gB)

HH(EB) = ;?(V xB—-¢{gB) B

see also Rogachevskii et al. (2017), Brandenburg et al. (2017), Schober et al. (2018)

See talks by Schober and Matsumoto


https://www.google.com/url?q=https%3A%2F%2Farxiv.org%2Fabs%2F1805.10419&sa=D&sntz=1&usg=AOvVaw06fZQRdfJJVPIcCP6GRSOj
https://www.google.com/url?q=https%3A%2F%2Farxiv.org%2Fabs%2F2202.09205&sa=D&sntz=1&usg=AOvVaw1byPC8Uzoi1woOkv6nIIPe

Chiral plasma instability

0B

Consider a perturbation of a seed magnetic field.

Joyce, Shaposhnikov (1997); Akamatsu, Yamamoto (201 3)



Chiral plasma instability

5 ] X 5 B effective CME

Joyce, Shaposhnikov (1997); Akamatsu, Yamamoto (201 3)



Chiral plasma instability

0B, g Ampere's law

Joyce, Shaposhnikov (1997); Akamatsu, Yamamoto (201 3)



Chiral plasma instability

5jind X 5Bind
effective CME

Joyce, Shaposhnikov (1997); Akamatsu, Yamamoto (201 3)



Chiral plasma instability

0B + 5Bi/nd Ampere's law

5jind

Positive feedback: instability = generation of magnetic field with Z # 0

Joyce, Shaposhnikov (1997); Akamatsu, Yamamoto (201 3)



Time evolution of B

Matsumoto, Yamamoto, Yang, arXiv:2202.09205

£B.ini = 1072

£B.ini = 1077
B ini = 1074

£B.ini = 107°

100MeV =1, n=1

o exp(t/Tcp1) ———

Possible new mechanism for magnetars?


https://www.google.com/url?q=https%3A%2F%2Farxiv.org%2Fabs%2F2202.09205&sa=D&sntz=1&usg=AOvVaw1byPC8Uzoi1woOkv6nIIPe

Contribution to pulsar kicks

Neutrino energy current provides a “kick” to neutron stars.

T B

B
Ukick ~~ 100 (1015 G) km/s

This can be comparable to the observed magnitude for B~10!> G.
Yamamoto,Yang, PRD (2021); see also Vilenkin, Ap] (1995)



Turbulent cascade

Direct cascade (3D): » Inverse cascade (2D):

energy Q Q O energy & enstrophy

OO

O 0000000

Hanke (2014)

What about 3D chiral matter?: energy & helicity



Time evolution of B

=101 Matsumoto, Yamamoto, Yang, arXiv:2202.09205
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see also Brandenburg et al., arXiv:1707.03385; Masada et al., arXiv:1805.10419


https://www.google.com/url?q=https%3A%2F%2Farxiv.org%2Fabs%2F2202.09205&sa=D&sntz=1&usg=AOvVaw1byPC8Uzoi1woOkv6nIIPe

Time evolution of v

fB,ini = 10_1 Matsumoto, Yamamoto, Yang, arXiv:2202.09205
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Chiral effects lead to inverse cascade, which may affect explosion dynamics


https://www.google.com/url?q=https%3A%2F%2Farxiv.org%2Fabs%2F2202.09205&sa=D&sntz=1&usg=AOvVaw1byPC8Uzoi1woOkv6nIIPe

Summary & Outlook

Parity violation in the weak theory is fundamental, yet ighored
in the conventional supernova computations.

Nonequilibrium chiral effects modify hydrodynamic behaviors:
chiral plasma instability, inverse cascade, ...

Possible contributions to magnetars and pulsar kicks
Relevance of other effects? (chiral vortical, spin Hall effects, ...)

Future global simulations would be important.



