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MAGNETIC FIELDS EVERYWHERE

[Miransky & Shovkovy, Physics Reports 576 (2015) pp. 1-209]
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BAsU Universe

» Current galactic magnetic
fields ~ 10° G

* Current magnetic fields
in voids ~ 10" G

* Problem of magnetogenesis in Early Universe

* Perhaps during the electro-weak phase transition
—10%2% to 10** G (~ 1 GeV to 100 GeV)
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FslU Dense baryonic matter

* Magnetized dense baryonic matter
—101%t0 10 G (10 keV to 100 MeV)
* Magnetic field may affect
— Competition of ground state phases
— EoS of dense baryonic matter
— the M-R relation of compact stars
— Transport and emission properties

— Evolution of supernovas & protoneutron stars
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FSU Little Bangs

* Magnetized QGP at RHIC/LHC
— 1018 to 10" G (~ 100 MeV)

[Rafelski & Miiller, PRL, 36, 517 (1976)],
[Kharzeev et al., arXiv:0711.0950],
[Skokov et al., arXiv:0907.1396],

[ Voronyuk et al., arXiv:1103.4239],
[Bzdak &. Skokov, arXiv:1111.1949],
[Deng & Huang, arXiv:1201.5108]

* Using Lienard-Wiechert potentials,

2 =

eE(t,r) = e—WZzn(RI:j R?:’;)s(l—vfb)
7.

eB(t,r) = Z—WZZ an“;ﬂR’”v )3(1—v3)
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Fsl Dirac/Weyl materials

* High magnetic field lab
— 105 G (~ 100 meV @ vF=c/300)

* Graphene

* 3D materials with Dirac/Weyl qasiarticles

— B1, Sb_alloy (at x = 4%)
Z.K. Liuetal.,, arXiv:1310.0391]

|
i Na3B1 [M. Neupane et al., arXiv:1309.7892]
g Cd3A82 [S. Borisenko et al., arXiv:1309.7978]
[X. Lietal., arXiv:1412.6543]
— TaAs, NbAs, TaP, ...

[arXiv:1502.03807, arXiv:1502.04684,
arXiv:1504.01350, arXiv:1507.00521]
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RESEARCH DIRECTIONS

[Miransky & Shovkovy, Physics Reports 576 (2015) pp. 1-209]
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Magnetic catalysis

» Magnetic catalysis of chiral symmetry breakmg &
anisotropic confinement (vacuum QCD, QCD @ T#0)

~

EP(p,) = i\/Zn‘eB‘ + p?

(D— D-2)

(B) =0

- = M
dyn

S

L[I\/Iiransky & Shovkovy, Physics Reports 576 (2015) pp. 1-209]
» T=0: catalysis \
[Miransky & I.S., Phys. Rev. D 66 (2002) 045006] *°° \ . estofat.‘on‘
[L.S., Lect. Notes Phys. 871, 13 (2013)] G \ mme“\'
[Bali ct al., Phys. Rev. D86, 071502 (2012)] =" *°[ \\ (i) sy
g oy \\_,SL:'_TS‘SN“,,
\
* T.(B): inverse catalysis = «» ~_ :
de
[Bali et al., JHEP 02, 044 (29012)] \an ( Conﬁnement)
[Bali et al., PRD86, 071502 (2012)] | | | | |
[G. Endrodi, arXiv:1504.08280] 10 20 30 40 50
eB [GeV?]
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FSU CME, CSE, etc.

» Chiral magnetic/separation effects, chiral magnetlc
waves (correlations of charged particle in HIC)

—

- B
<]> - ;nz Us

 Signs of local P-violation?

d(N, —NL) 8 Nf
dt 16717

[Kharzeev, McLerran, Warringa, Nucl. Phys. A 803, 227 (2008)]
[Fukushima, Kharzeev, Warringa, Phys. Rev. D 78, 074033 (2008)]

fd3x Fa“VF:V

. Signs of a chiral magnetic wave?

[Yee, Kharzeev, Phys. Rev. D 83, 085007 (2011)]
[Gorbar, Miransky, Shovkovy, Phys. Rev. D 83, 085003 (2011)]
[Burnier, Kharzeev, Liao, Yee, Phys. Rev. Lett. 107 (2011) 052303 ]
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Al Magnetic helicity
* Magnetic helicity evolution in the Early Universe &

in HIC (magnetogenesis, #, = p. > )
d(n,—n ) 200 1

3
f d*x (E- B)
dt [ Vilenkin, Phys. Rev. D22, 3080 (1980)]
— -~ - 0 E [Joyce & Shaposhnikov, astro-ph/9703005]
N b —tgE=— MSB 1 = [Giovannini & Shaposhnikov, hep-ph/9710234]
T ot [Boyarsky et al., arXiv:1109.3350]
— 5
- 0B O mamemem e AR
VxE=-22 mamecoo |
ot 10*}
H; 1000 R
100 :
10__—.f. i ! 1 L [0 1 11|
100 50 |+ e  GEE § R 0.1 005

T[Ge_V] )
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FSd  Hall effect in graphene

Abnormal quantum Hall effect in graphene (magnetic
field induced QH states)

low-energy
e« B> 0:
e’ 1\e? 2]
O, =v—=4(n+—)— Al
Y h 2/ h
« Broken symmetry 5 :
QH states @ large B~
VZO, ::1, ::3, ::4 "

Novoselov et al.,

[

[Abanin et al. Phys Rev. Lett.
[Checkelsky et al., Phys. Rev. Lett.
|
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FS4  Dirac/Weyl semimetals

* Magnetoresistance in Dirac/Weyl semimetals (signs

of chiral anomaly, dHVA oscillations)

—_

H = [ dripl-iv, (7-8)-(5-7)y ~ur |9+ H,
* Anomalous contribution to conductivity:
2
B
o, =O,%LL) +O_gl3{LL), where O_;l3,LL) N € VF‘e ‘

4T,

2
(5=0) e“b

2 1T n0m? where G e, 5 72

()'12=O'

Nielsen & Ninomiya, Phys. Lett. 130B, 390 (1983)]

]

[

[

| ]
[Son & Spivak, Phys. Rev. B 88, 104412 (2013)]
|
[
[

Gorbar, Miransky, Shovkovy, Phys. Rev. B 89, 085126 (2014)]
Lu, Shen, Phys. Rev. B 92, 035203 (2015)]
Klier, Gornyi, Mirlin, arXiv:1507.03481]

|M0nteiro, Abanov, Kharzeev, arXiv:1507.05077 | _ _ .
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DOS

SOME TECHNICAL PROBLEM
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FASU Schwinger propagator

* Proper-time representation in (2+1)-D

S(x,y)= exp(—efyxAM dz’“‘)é_’(x—y)

where

S(k)= [ dsexp (—z’s[mz — k2K tan(e5s) ])

ebBs
X [/evyv +m— (kY —E'y?) tan(eBs)] [1 — 'y tan(eBS)]

 [andau levels? [Schwinger, Phys. Rev. 82, 664 (1951)]
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FSU Landau level expansion

» Schwinger propagator 1s equivalent to

( \

o . kK’ |« (=D"D (k)
S(k) = - 7

(k)= exp ‘eB‘/ ; /e(‘)z —m’ —Zn‘eB‘

where
) ' (
; 2k’ 2k’ )
Dn (k) - (k()y + m) R—Ln eB‘ / e })_Ln—l ‘EB‘ + 4(k Y)Ln—l \ ‘eB‘ )

Free propagator = full dynamical propagator?

[Chodos, Everding, Owen, Phys. Rev. D42, 2881 (1990)]
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FSU Running dynamical parameters?

 Ritus method

a’pocz’p2 1 —
2k Ef ey " nzm

where B=(2,0-\[2feBn) and ) =yE; ¢y

(,7")E (x) = E,(x)(B"7)
* Shortcomings:

— Schwinger phase is never fully factorized
— Eigenstates £ (x) are Dirac matrices

— Obscure meaning of parameters in Z(p)
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FSU A better representation?

» Full propagator |
G(x,y) = z'<x‘[/e0y0 + F (71: - y) + i+] ‘y>

A A 2
Here F* & X* are functions of v°, iy'y*, & (.717 : y)
\ Z)

s
@ commutingW
= f=y’g=iy' Vg +iy%y'y f
i =m=y’uxiy'y’ i+iy’y'y’A

where f, g, 2, f,m, u, i, A depend on (ﬂ')f)

[Gorbar, Gusynin, Miransky, Shovkovy, (2012)]
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FSU  Complete set of eigenstates

» Eigenstates for orbital motion:
nz‘Np>= ‘eB‘(2N+1)‘Np>
E.g., in the Landau gauge A=(0,Bx),

2\2
<r‘Np> C H (7+pl)exp( (x+2§921) +z'py)

They satisty
(¥ Bl )=0,,0(p- )

S el -ofe

[G rbar, Gusynin, Miransky, Shovkovy, (2012)]
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FSU  New LL representation

* Proper-time representation in (2+1)-D
G(x,y) = exp(—ef; AM dz’“‘)C_}(x - 9)

= R
G(t,r)= [Le"G(k,,1)

Schwinger phase

where

-&/2

~ . € S(kO T ‘un,a) i mn,a S S
Glky) =i — Y ((k B 8, L(E)+5L_(&)]

i(f,,—58,,) (y-1)
(/e su Y -E. I

[Gorbar, Gusynin, Miransky, Shovkovy, (2012)]

) ' E=r"/(20%)
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FSU LL energies

» Landau-level energies .Haldane mass

n=0: EO,G=AO+OmO

n=1: E = \/Z(f,jg - g,f,(,)ﬂ\eB \ +m;

where m, =m +0A, u =u+0Q, etc

By definition, n=N+(1+s,,)/2 and
m((n-y)z)‘N,512>=mn‘N,512>,
f((n-y)z)‘N,512>=fn‘N,312>, etc.

[Gorbar, Gusynin, Miransky, Shovkovy, (2012)]
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(2+1)-D GENERALIZED LANDAU-LEVEL
REPRESENTATION
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FSU Coulomb interaction in graphene

 Model Hamilt
H=H+H, - +uB[dr¥ oW

Coulomb O

 MC and QHF order parameters

m O O Dirac mass (CDW)
A W >yyy)W, Haldane mass
T W (iy'y" )W pseudospin density

w,: Wy'W -Wy'W  spin polarization

* Note that lpf =(1/}1<AS’I/}KBS,1/}K'BS’I/}K’AS)
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FSU Normal ground state (B—>0)

* No symmetry breaking parameters

B

* Renormalization of vg:

nzl. E =VF\/27’I‘€B‘ — /g =fnvF\/2n‘eB‘

» Schwinger-Dyson equations for f,

(1)

> AR )

o e dle KL (R
K B f m,n :
me o 27 B+ T1(0, )

where [=1/ ‘eB‘
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Fsi

Renormalization of v

0.30
0.25F
0.20f

1. 0.15)

= [
0.10

0.05F

0.00¢

[Gorbar, Gusynin, Miransky, Shovkovy, Phys. Scripta T146, 014018 (2012)]

small u
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Fsi

Renormalization of v

[Miransky & Shovkovy, Phys. Rep. 576, 1 (2015)]

0.08
0.06
:L; 0.04
0.02
000

—

with screening effects

small u
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d

FSU  QH states with

ifferentv

0.12 i 0.12_ _
0.10 [ o l/=(4l"l—1) e s o — vV =—11 0.10 . I\\ﬁﬂ V=(4n) e e b e
:;.". coo —v = —1,{] I l'. coo —v =0, ]
0.08F |\ v =231 0.08E1 | v = 4,1 ]
W E ) v =31 | W ERe g v = 4,1 |
B 0.06F ‘llnq.l R i 7 STy = o.06F | | asa —V =811
|3“ E lll‘l"\ = (1] o e £ e o Moy ls“ I l' ooo —V = 8,1 ]
2 0.04F \| & 1 2 0.04F |
o : ] o s
X S I
002 N ey o] C0ze,
o.oo}/ﬂ _ o.oo}/jjiim“”"”mm‘c-?
100 vt o s i = 10 e s -
0 5 10 15 20 0 5 10 15 20
n N
0.12:'""""""""": 0.12: : o '
0.10F e 0.10F ) ¥=(4n+2) & 52
[\ coo —Vv = 1,1 | I coo —V =2,
0.08F |\ v = 5,1 0.08 F v = 6,1
o it Tr= O [ v = 6,4
> 0.06 - \ = s n —V = 9,T g > 0.06 _ = s n —V = 10,T:
|3‘ E DDD—V=9,¢E |3‘ DDD—V='|O,¢E
¢ 0.04r 1 ¢ 0.04F
2 : ] 2 :
0.02} e egeeesasoo] 0.02f
3.00 }m 0.00 _ iy """""’—H—H-O—O—O—j_
—0.02:....1....|....1.... —0.02:....|...|...|....
0 5 10 15 20 0 ) 10 15 20

n [Shovkovy & Lifang Xia, in preparation)] n
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o i R e

FSid Some results at TA0

D 20 e ]

(4n—1) eoe— y = —1 ]

v =3 1

mEE— y = /

g | [Shovkovy & Lifang Xia, in preparation)]
OOO _.........|.........|.........|..'.......|.........|.........-0.20_' TSR S i e S e R e e T S A ‘_
0.00 0.01 0.02 0.03 0.04 0.05 0.06 feae, " e
T/EI 015_ -'-—V=8—

e
B 00 -

4 L
0.05 ¢ .
0000, . . ... @ o ————]
0.00 0.05 0.10 0.15 0.2
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(3+1)-D GENERALIZED LANDAU-LEVEL
REPRESENTATION
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FSi Self-energy, B#0

* Same as (inverse) propagator

S(x,y) = exp(—efyx A4, dz“)i(x - 5)

>(x) = f (Zn) e ™3 (k)

where

> =207k i(—l)” (mn +7Y°A - yoysius,n + )[P+Ln -~ P_Ln_1]+
n=0
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FSi LL projections

Landau-level parameters m,, A , us , ... are
given by LL-*“projections™, e.g.,

A, (ko k) = ) lzfd k e_kilz[ +Ln+l]Tr[y0§(/e)]

(e ) = (1) L fake ™ L -1, ]y s o)

where, at 1-loop order,

S(p)=-diza (;’n’; y"S(k)y" D, (k- p)

[Gorbar, Miransky, Shovkovy, Wang, Phys. Rev. D 025043 (2013)]
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FsiU

Chiral shift QED @ B0

|Anl/p

1.5x107*F T e ' ~ S
N=2x108 . eeen=l
i f{::?-_ n=2 ]
1.2x 10_4 N -t“l‘l:-f .':-_ eoe N=3 7
[ I"--_ eoe N=4 ]
L l-f_' g
9.0 1075 —M Vi ]
X = |

60x10-5f = 1
3.0x107°F -

Model fit:
a‘eB‘

A =-— 0.53+0.32
u u

‘eB‘n

2

oS S S e e e lime =~ SN0l 02 .
0.0 0.5 1.0 1.5 2.0 : :
p3/u | J
1.6x107*F -
) e .
4T 1
3 1.5%10 £ ~
= : . ]
= 14x107*} -
13x107*F -
12x1074F -
T 2 2 6 5 W 1w
[Xia, Gorbar, Miransky, Shovkovy, Phys. Rev. D 90, 085011 (2014)] n
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Sl us , in QED @ B#0

Hs1/1

e N=2x10°

:Z:Z:- I F3T N=2x10° I _ MOdel ﬁt

i aleB| | (2n|eB
u,, =—0.225 -] —
-20x107 ILL V M
—40x107° — R R, PPN L N U S, ECTO . S T QTR WS JOPR. oy LTS SR P
~60x10° . 1 60x107°F N=2x10" -
-2 -1 0 1 2 - P 4
JZ Y
L [ ) -
45%x107°F * -
=
£ 30x10°F -
1.5%1075 | !
0.0 -l L 1 L 1 1 1 1 1 L 1 L 1 L L 1 1 1 L 1 1 1 L 1 L 1 L 1 L ]
0 2 4 6 T e 2 7
[Xia, Gorbar, Miransky, Shovkovy, Phys. Rev. D 90, 085011 (2014)] n
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FSU  QED in strong field: op;

Model fit: a‘ eB‘

30x107%
20x 1074}
= 1.0 x 10-4;
@; o.of
£ ~1.0x 10—4:
—2.0x10~*

~3.0x107%

pi=p; =%
u

:W

‘eB‘n
0.76 +0.49

0 2 4 6 8 10 12 14

[Xia, Gorbar, Miransky, Shovkovy, Phys. Rev. b 90, 085011 (2014)]
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FSU4  How large is the asymmetry?

In QED:

aleB| (B )(100MeV'
w o \10"GN u

In QCD:

MeV/c

. QB‘NIO/ B \(400Me\/

— MeV/c
u \J07G/\

may have some consequences for compaet stars
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Fsi Summary

* Many relativistic systems where nonzero B
plays an essential role

 New generalized LL-representation 1s proposed
 Works 1in 2+1 as well as in 3+1 dimensions

* QH states 1n graphene can be described with
highly flexible parametrization

e Chiral asymmetry in QED at B#0
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