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HISTORY OF THE UNIVERSE

Particle era

RHIC &

Accelerdors |LHC
eavy
ions

\f

ILHC
|protons

High-energy
cosmic rays

t = Time (seconds, yeors)
E = Energy of photons (units GeV = 1.6 x 10770 joules)

The concept for the above fgure originaed in a 1986 paper by Michasl Turner

Particle Data Group, LBNL © 2015
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https://newatlas.com/suns-activity-influences-natural-climate-change/33409/
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@EEE\U je = okl
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o IERCICBEICT DN >TcHD

1826 1879 1821 | 886
=S Ohm Hall Seebeck Nernst

je=0E+REXxB+a(-VT)+ N(-VT) x B
jo=BE+ NE x B+ x(—VT)+ L(—VT) x B

0,375 Peltier Ettingshausen Fourier Leduc-Righi
1834 1886 1807 1887
A
e F— —VuHOK. B
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Chiral magnetic effect

B 2ty EF=s
1 p
. R
— B
: ML
— B
$ 1 JL 42
(RIS R B L
j:MR—MLB j :MR+MLB
© 472 ’ > A2

B TSEDERE | WA TILETES EBEICEAR

Vilenkin (1980); Nielsen, Ninomiya (1983); Fukushima, Kharzeev,Warringa (2008), ...



Chiral vortical effect

N 1
mE w = §V Xv RAEY EFE
4 9 9
. HR |T

i I HSE Ir = <4w2 ' 12)“’

C1 D o

\"/ . [ AL I
| * l ESE L= (4772 | 12)“

Vilenkin (1979); Erdmenger et al. (2009); Banerjee et al. (201 |);
Son, Surowka (2009); Landsteiner et al. (201 1)
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o FEm (GF/IFEF) DFAT  Adler Bell Jackiw (1969)

hmli
[ILL])

o HXIRR | EFNR—JLZNE. Chiral Magnetic Effect, etc.
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e.g., Peskin & Schroeder “An Introduction to Quantum Field Theory”
Chapter 19
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e.g., Peskin & Schroeder “An Introduction to Quantum Field Theory”
Chapter 19
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o EFEFRIFIXRILF—RT—)LICHKSRLY (anomaly matching)
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d 3 1 3
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dt 47r?
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o MIENY YT 14 ZFVHBICHILRATEE
Yamamoto (2016); see also Avdoshkin et al. (2016)
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Chiral Magnetic Effect (T=0)
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Chiral Magnetic Effect (T=0)
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Chiral Magnetic Effect (T +0)

RIFDHFS RAFDES

B > dpz \ / MR

JR o Jo om np(pR) — Mp(—pR )] A2

1
B e(p—ur)/T 1 1

Fermi 73%5 : n,(uRr)

o M EH THFHEBT., CMEILERET ICHKRFEL L
o BIXRMIIHATILEFESTEER (MRNOYAHILICEFL)
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* dp (2 )"[np(u) — (—1)"ny(—p)] = (frTBnH G ' 2751T>

Loganayagam, Surowka (2012)

tort © un \
B, (x) & i1 RZZOEB (r) TEZFE SN S BernoulliZIET




k3% « [BIERXT D

B3 D Lorentz 1: F =v x B

FEME X FRRLF D [O)#ERA D Coriolis J1: F = 2mv X w

HENFWALFTIE m — E=0p
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Chiral Vortical Effect (T#0)

RFDHFS RAFDHFES

w [d \ /

2 [ o)y o)) = (2 + T

Jr =

1
e(Pp—ur)/T + 1

Fermi 7070 : np(uR) =

see, e.g., Landsteiner, arXiv:1610.04413
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EAFEICHITBEIESFXNY Joyce, Shaposhnikov (1997), ..
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TREERICH 1T HQGP Fukushima, Kharzeev, Warringa (2008), ...

Weyl 55@% (“3D graphene”) Nielsen, Ninomiya (1983), ...

BFHEICEFTEA3=Za2a—8MNY /¥E  Yamamoto (2016), ...
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Quark-Gluon Plasma Weyl HEE

http://wwwO.bnl.gov/rhic/news2/
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Kinetic theory
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Boltzmann 121\,
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Lorentz /]
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Boltzmann 121\,
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Berry (1984)

R DEH) = 8 5/ T X —5 ZE[E OB il R

Berry$iit (“7 — 157): a(n) = i(u(n)|Vu(n))
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BerryfifH (“IR"): o = / a-dn = / b-dS
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Sundaram, Niu (1999)
p=FE-+ixB

™~ x-ZEfE T DLorentz /]

p-space
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Fermi surface
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p-space
o /\I)LhZDPPY ! H=40-p
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o p-ZE[EDBerryiZ @ Q) = p X Gp =+ 0 3 N\
‘p| monopole
® E_—%Ebj]_#rgﬁ : Fermi surface

d::ﬁ+p><ﬂp:\@_1[ﬁ+Exﬂp+(ﬁ-ﬂp)B]

. vw=1+B-Q,
p=E+axxB=+yw [E+px B+ (E-B)Q,]

® Boltzmann A &L\ :
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Chiral kinetic theory

\

ongp Onyp
Onp

+EFE+vx B+ (E-B)Q|- éh)::(jnp]

(1+B-Q)

Son,Yamamoto (2012); Stephanov,Yin (2012); Chen et al. (2013).



Chiral kinetic theory

4 )

ongp Onyp
Onp

+EFE+vx B+ (E-B)Q|- éh)::(jnp]

Son,Yamamoto (2012); Stephanov,Yin (2012); Chen et al. (2013).
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Chiral kinetic theory
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ongp Onyp
Onp

+E+vx B+ (E-B)Q|- op = ¢[nyp)

Son,Yamamoto (2012); Stephanov,Yin (2012); Chen et al. (2013).

i ]@m: ﬁmeNw (b- Q) Bln,

EXXSFRD Fermi 7370 : np = 0(u — |p|)



Chiral kinetic theory

ongp Onyp
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+[E+va+(E.B)m-ai;:c[np]

\

Son,Yamamoto (2012); Stephanov,Yin (2012); Chen et al. (2013).
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Chiral kinetic theory
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+EFE+vx B+ (E-B)Q|- op = ¢[nyp)

Son,Yamamoto (2012); Stephanov,Yin (2012); Chen et al. (2013).
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Full chiral kinetic theory
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Son,Yamamoto (201 3); Manuel, Torres-Rincon (2014); Chen, Son, Stephanov, Yee,Yin (2014)
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(Chiral hydrodynamics)
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RILF— - BBEREN: 9,7 =0
K FHURER) . 05" =

m

TH = (e + P)utu” — PgM” + (dissipation)

7* = nu" 4 (dissipation)

Landau & Lifshitz “Fluid Mechanics” (volume 6)
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BRTEsER v = (1,0): TH = diag(e, P, P, P)

Landau & Lifshitz “Fluid Mechanics” (volume 6)



TXRILF—EFETVVIL

BRTEsER v = (1,0): TH = diag(e, P, P, P)
—fED%R ut =~(1,v) = AHu”

TH — NEAYT? = (e + P)utu” — Pgh”

Landau & Lifshitz “Fluid Mechanics” (volume 6)
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TH = (e + P)utu” — PgM” + (dissipation)

7* = nu" 4 (dissipation)
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TRILE— - EEBREA: 9,7 = "),
=ETER: 0, = REMBM

T = (e + P)utu” — Pg"" + (dissipation)
+#(ut BY + BYu") + #(uM'w” + whu”)

2 T2
g" = nu" A ;T <4,u2 | 12)w“+(dissipation)
T

1
Bt = FMy,, BF = ey, F,5, wh= 56“’/0‘5%6@%

Son, Surowka (2009); Sadofyey, Isachenkov (201 |'); Neiman, Oz (2011)



Chiral Magnetic Energy Current

RIFDHFS RAFDES

B > dpz \ / MR

o | e bplamm) = ()] = {758




Chiral Vortical Energy Current

M?@Tﬁ RAFDEHEES
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TRILE— - BEBEREN: 0,7 = FYj,
= = 1
=ETER: 0, = REMBM

T = (e + P)ufu” — Pg"” + (dissipation)

2 T2 3 T2
+<u : >(uuBy+Byuy)+<u M >(u“w”—|—w”u”)

6772 6

2 T2
P = nut 4 4i2 B* + (4‘;2 | 12) wh 4+ (dissipation)

1 1
Bt = FMy,,, BHF = 5&’/@5%&5, wh = 5&’/0‘5%6@%

Son, Surowka (2009); Sadofyey, Isachenkov (201 |'); Neiman, Oz (2011)
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TIRDTEEZ E frame

* RIZ v (FADFN?

o N THDTHL :u ~j (Eckart frame), or

o TXJ)LF—H:u~To (Landau frame)



TIRDTEEZ E frame

TR U (DI ?

R F2DIRAL :u ~ ji (Eckart frame), or

ITXILF—Fi:ui~TO (Landau frame)

UTODu DBERICK 5T, (Tw I CME/CVE fH1IED 7R W)
_andau frame ICBBITCE 5 -

2 9 3 2
ut — ut — ! (,u IT)B“— ! ('u I'uT)w“

e+ P
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A4 Z ViR TIF

EHEERER : 0,7 = F"j),
N 1
STEE: 0, ' = E*B,

A2

T = (e + P)utu” — Pg"” + (dissipation)

gt = nut'+Ep BY + €,w" + (dissipation)

1n(u?+ L 2 9 T2
— | n— W+ 1) R ey (L [
% 2 €+ P 472 3e+ P 12

Son, Surowka (2009); Sadofyey, Isachenkov (201 |'); Neiman, Oz (2011)
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BURARZE (1942) : Alfven I

Fermi /& {&zm (1957) : E OB

A ZIVARAETIZE (2009) : 222



Chiral Magnetic Wave (CMW)

Newman (2006); Kharzeev, Yee (201 1)
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Chiral Magnetic Wave (CMW)

Newman (2006); Kharzeev, Yee (201 1)
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AFEREFE: On+V-3=0

(4

CME: J. = :4—7TQBZ » Oyn = V1.0,n =0
o - VL = D (HIER )
1N X X = a,u 47‘(’2X



Chiral Alfven Wave (CAW)

Yamamoto (2015)
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Chiral Alfven Wave (CAW)

Yamamoto (2015)
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(Chiral plasma instability)
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Chiral plasma instability
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Chiral plasma instability

Chiral magnetic effect
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Chiral plasma instability
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Chiral plasma instability
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Chiral plasma instability
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Chiral plasma instability
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S.-Y. Xu et al, Science (2015)
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Negative magneto-resistance

Zries

Q. Li et al. [arXiv: [ 412.6543];
. Xiong et al. [arXiv:1503.08179]
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Son, Spivak (2013)
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Supernova = Giant Parity Breaker
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Impeller blade
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Flow of energy

https://doi.org/10.1515/htmp-2016-0043
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Masada, Kotake, Takiwaki, Yamamoto, arXiv:1805.10419

o IVICHBITHANATZILERAETIER (p, er, el):
O¢(pv) + V - (pvv) = —=VP + J x B + (BURIE)

0B =V x (vx B)+nV?B 4+ 1V x (£gB)
CME

Oiny = (V xB—¢gB)-B
2772

=ETER
o Setup (100 MeV =1):
po =5.0, Pp=1.0, M =10.0, égo =4 x 1072, n =100
(R MEFEI 7 28 7E)




Movies of 3D simulations are available at:

http://www.kusastro.kyoto-u.ac.jp/~masada/movie.mp4

Masada, Kotake, Takiwaki, Yamamoto, arXiv:1805.10419
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Yamamoto, arXiv:1708.03113
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Gravitational Hall Effect

Yamamoto, arXiv:1708.03113
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“Gravity/optics correspondence”

https://blog-imgs-50-origin.fc2.com/t/o/v/
tovu3110/CIMG6471 .jpg

http://davidjarvis.ca/dave/qgallery/

Gravity ~ Optical medium
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Gravitational Hall effect




Gravitational Hall effect
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Gravitational Hall effect
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Photonic
Chiral Vortical Effect

Yamamoto arXiv:|1702.08886; see also Avkhadiey, Sadofyeyv, arXiv:1702.07340
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r=p-+pxQ,
p=2|plt xw+ O(w2)
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o [OERCOEHHAFIE :

L=p+pxQ, VG = p + 2wlp|(p - Qp)
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p = 2|p|& X w + O(w?) G = (1+2|p|w - 2p)°
Coriolis /J
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L=p+pxQ, VG = p + 2wlp|(p - Qp)
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Coriolis /7

® Photonic chiral vortical effect:
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Quark-gluon

A plasma

A hyperon J T

Nuclear fragment
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Nature, 548, 62-65 (2017)
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Collision plane

Gluon

https://www.nature.com/articles/5480344a
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e.g., Fujita, Kamada (2016)
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