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Magnetism and Rotation

peripheral heavy-ion collision rotating compact star
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Magnetism and Rotation

chiral magnetic effect
[Kharzeev McLerran Warringa (2007)]

charged particle

magnetic field current

chiral vortical effect
[Son Surowka (2009)]
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What is lattice QCD?
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electric field

[AY (2013)]



What is lattice QCD? [AY (2013)]

electric field



Part I

Magnetism



Simulation of magnetism

lattice QCD
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background magnetic field
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Simulation of magnetism

QCD action:

S = SYM [U] + Squark[wa ¢7 U]



Simulation of magnetism

QCD + background U(1) gauge action:

8 — Syl

Squark [zﬁv wa Ua U]

[u]

not dynamical



Chiral magnetic effect [Kharzeev McLerran Warringa (2007)]

maghetic field electric current

44

Globally, (J) =0
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maghetic field electric current

topological fluctuation
[from Leinweber's web page]
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Chiral magnetic effect [Kharzeev McLerran Warringa (2007)]

maghetic field electric current

topological fluctuation
[from Leinweber's web page]
* spin el
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Globally, (J) =0

Locally, (N local Z O “event-by-event” electric current



Chiral magnetic effect in lattice QCD

1. topological fluctuation

Buividovich Chernodub Luschevskaya Polikarpov (2009)
Bali Bruckmann Endrodi Fodor Katz Schdfer (2014)

magnetic field current fluctuation



Chiral magnetic effect in lattice QCD

2. fixed topology

Abramczyk Blum Petropoulos Zhou (2009)

4

magnetic field charge separation



Chiral magnetic effect in lattice QCD

3. chiral chemical potential

AY (2011)
Buividovich (2013)

chirally imbalanced matter
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magnetic field non-dissipative current



Chiral chemical potential [Fukushima Kharzeev Warringa (2008)]

Lp = Y(yuDup+ m~+ usysys)y

right-handed
Fermi sea
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Chiral chemical potential [Fukushima Kharzeev Warringa (2008)]

Lr=(yuDyu+m~+ pusyays)y

right-handed
Fermi sea
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chiral magnetic effect: J =



Simulation results [AY (2011)]

vector current: J = <7,E’)/M¢)
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Simulation results
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vector current:
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Part IT

Rotation



Simulation of rotation
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Simulation of rotation
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rest frame rotating frame
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ATiest = dx — ) X T dt




Simulation of rotation

cf.) rotating BEC in condensed matter physics

e

H—-sH—-L - Q

simulation experiment

[Kasamatsu Tsubota Ueda (2002)] [Zwierlein et. al. (2005)]



Rotating lattice QCD

Euclidean rotation:




Gluon action

quadratic terms

1
Se = f d*z ——tr|(1+ r*Q?)Fyy Fyy
Iym

+ (]- + QZQZ)szsz + (]- + $292)Fyszz
+Fa:TFacT +FyTFyT+FZTFZT

+ 2y Fyy Fyr — 20Q0F o Fy

cross terms



Fermion action

Sp = /d4a?7,5 [’Yle +~°Dy +~°D, +~*D;

12

N,
Hy*Q(xD, — yD,)|-H~*i - Y

orbit-rotation coupling spin-rotation coupling




Angular momentum

rest frame

rest



Angular momentum

rest frame rotating frame
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L= —mr?f2 L= =—mr?(f + Q)3

J=0 J = —mr2Q



Simulation results [AY Hirono (2013)]

1
gluon : Ja :< Q—tr[QyEryFyT B QxwaFmT
Iym

+ QyFrzFZT — 2$Fyze7‘]>
fermionorbit:  Jpp = <@74(aij — me)?/)>

.
fermion spin : Jrg — <7;1/)74_ >



Simulation results

=J @™

radius dependence

1.6

I T I I
Jg e
Jpg —2—i

[AY Hirono (2013)]

angular-velocity dependence
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Simulation results [AY Hirono (2013)]

gluon : Jo = —(0.94+0.00)a"* x r2Q
fermionorbit: Jpr = —(0,60 -+ O,Ol)a_4 X 12 ()
fermionspin:  Jpg = —(0.17 £ 0.01)a"2 x Q

cf.) classical particle J — () = —m’)"zﬂ



Chiral vortical effect

No lattice QCD simulation of the chiral vortical effect

cf) free fermion at linear response [Buividovich (2013)]



Magnetism and rotation are frontiers of lattice QCD.

There are many topics:

* hadron property
 phase diagram
* chiral effects

e vortex nucleation



