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Abstract: <span>Studies of relativistic matter in strong magnetic fields attracted a lot of attention in recent years. Such studies are pr
motivated by the phenomenology of compact stars, the evolution of the Early Universe, and the physics of relativistic heavy ion colli
Additionally, the outcomes of such research result in deeper understanding of a large class of novel condensed matter materials (e.g., grap
Dirac semimetals. | will review recent surprises, ideas, and the progress made in understanding physical properties of relativistic matter in
magnetic fields. </span>
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£SlU Relativistic Matter

« Examples of relativistic matter

— Electrons, protons, quarks inside

compact stars (white dwarfs, neutron,
hybrid or quark stars)

— Quark gluon plasma in heavy ion
collisions (k,7~ 200 MeV ~ 1012 K)

— Hot matter in the Early Universe
(kzT' ~ 100 GeV at EW transition)

v - L v« - |
— Quasiparticles in Dirac semimetals < v b W
b - v - ——
- L b | - ‘5
‘l' vv «vv "v vv “\- wv ':' w\‘
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ASU  What Means “Relativistic™?

* Relativistic matter (p > mc)
E =c\yp*+m?c® ~cp

compare with nonrelativistic case (p < mc)

> 9 ) ) ) ) .r."
E c\/ p° + m“c® = mc*

— High density (c.g., in stars) leads to occupation of
states with large momenta:

p ~ hn'/3 ~ 200 () '3 MeV /c

energetic particles,

p~ kgT/c~ 200 (=2L_) MeV/c

200 MeV

— Vanishing mass (c¢.g., graphene) works too. ..

—
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FSU Magnetic Fields

« Strong magnetic fields exist inside compact stars

— 10" to 10'> Gauss

* In heavy ion collisions, positive 1ons generate short-
lived (At = 10-** s) magnetic fields

2
— 10" to 10" Gauss Mg /
« Early Universe
— up to 10** Gauss €

b
* Graphene (High Magnetic Field Laboratory)

— up to 5 X 10° Gauss
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MAGNETIC CATALYSIS
Review: arXiv:1207.5081
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£SlU [Landau levels

* Fermions in magnetic field
L=Wiy"D W+ (interactions)

E,.(p3)

« Free energy spectrum

ES(p,) = t\/2n]eB| + D5

il
A

s = :J/z/ (spin) cupi

~a—

——

k=0,12,... (orbital)

I
v/
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£SlU [Landau levels

* Fermions in magnetic field
L =Wiy"D W+ (interactions)

E,.(p3)

« Free energy spectrum

il
W

ESY(p,) = t\/2n]eBl + D3

- /J;

.s‘=:)_,|/5 (spin) cupi
S

k=0,1,2,... (orbital) 4

I\
v/

~J
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£SlU [Landau levels

* Fermions in magnetic field
L =Wiy"D W+ (interactions)

E,(p3)

« Free energy spectrum

il
A

(3+1) 2
E""(p;)= t\]2n|€B| + P,
/ /J‘
S = tfl'/l (spin) cupi
—t
—— ﬁ%
k=0,12,... (orbital) T e T g, 5
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ASU  Magnetic Catalysis (clues)

» Low-energy regime 1s dimensionally reduced

e
"&% D=D-2 R

* Density of states at £ = () ”
....' dl ‘eBle
dE|.., 4’

 Attractive interaction =2 gap in the spectrum

(This may remind superconductivity...)

[Gusynin, Miransky, Shovkovy, Phys. Rev. Lett. 73 (1994) 3499]
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FSU  Magnetic Catalysis (physics)
* n=0: particles & anti-particles

* Bound states are energetically favorable (an

energy gain of £, per pair) &
 Bound states are bosons ‘ ﬂ
-

* Bosons can (and will) occupy same zero
momentum quantum state

 Bose condensate forms

« Symmetry breaking = energy (mass) gap

[Gusynin, Miransky, Shovkovy, Phys. Rev. Lett. 73 (1994) 3499]
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FsU Dynamical Mass

* While m =0 originally, a nonzero “dynamical”
mass mg,, 1s generated

”D / } (3D) | ‘ -C /o
c/\n x eB dn( m dyn 5 eBe

» This happens even at the weakest interaction
(“‘catalysis™)

« Dimensional reduction and finite density of
states at E=0 play the key role

* The phenomenon 1s largely insensitive to model
details
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ASU Dynamical Mass
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dyn

(2D) ; (3D) | ‘ -Cla
me,, « y/or+/leB| » and m,, leBle
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FSU  (QCD in a magnetic field

« Weak coupling, (semi-)perturbative regime:

eB| >> A

QCD
* Running QCD coupling

~ <
=l &

o
172 %
s
8 'Massive gluon'
=1}
k=
[=?
-
e
Q

Mdyn VeB

Energy scale  [Miransky & LS., Phys. Rev. D 66 (2002) 045006]
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FSU

QCD 1n a magnetic field

« Weak coupling, (semi-)perturbative regime:

* Running QCD coupling 4

‘68‘ >> AQCD

coupling constant a;

2,
)
o,

%

5

'Massive gluon'

04

ki

A

JU

<<

2

;

()

O

eB

f

\

B

»

Mdyn \VeB

Energy scale  [Miransky & ... Phys. Rev. D 66 (2002) 045006]
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FSU  QCD in a magnetic field

* Weak coupling, (semi-)perturbative regime:
eB| >> Aoep
 Running QCD coupling 4 N\

N < :
- %
. ®

v
@ %
s
8 'Massive gluon'
20
-
:
o
=
=
Q

Mdyn VeB
Energy scale  [Miransky & 1.S.. Phys. Rev. D 66 (2002) 045006]
May 26, 2014 Low Energy Challenges for High Energy Physicists, Perimeter Institute 13

Pirsa: 14050099 Page 22/60



FSU  (QCD in a magnetic field

« Weak coupling, (semi-)perturbative regime:

eB| >> A

QCD

* Running QCD coupling 4 I
N < :

- %

= o

8 3 s 12

| \& M ekl
8 'Massive gluon'

=10

= 2 @
) M;=—YeB |
= JU .

3 9 J
Q

Mdyn veB
Energy scale  [Miransky & LS.. Phys. Rev. D 66 (2002) 045006]
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FSU  Dynamical quark masses

* Approximate dynamical mass:
4nN
a (N’ —-l)hl((‘/(t\)

c,ka;‘cxp -

m, X

100~ a, = 0.1 -

_
—_—
—
\
\
\
\
\
\
\
\
\
\
\
\

— "’”.‘1 I’\!ﬁﬁ — I . "'\Fff::l -

-
-
-
-
-

—
—

m,/ Aqcp. f”..f_-ﬁ\(,)('l)

l.' L — my [N,=1, Ny=2
: cmmm m, [Ny=2, Ny=2]
0.01 E cme= my [N,=2, Ny=2] 1
0 10 30 30 20 50
In(leBI/Adep)
— - ':_'

May 26, 2014 Low Energy Challenges for High Energy Physicists, Perimeter Institute

Page 24/60

Pirsa: 14050099



ASlU Catalysis at T=0 (lattice)

—I I I I I I ] I | | 1 | 1 1 | I I | I I I 1 |_

- 3 0=0.29 fm -

N i E 0=0.215 fm i
1 - a=0.15 fm —

™~ ! a=0.125 fm |
=) - X a0=0.1 fm E
- - I c ' ‘
+ = -
E:]: 0.5 _— —_
a [ ’ 1
| / T=0 ]

_— d

0 pa -

r"l 1 1 I L 1 1 I 1 ] 1 | 1 1 1 | 1 1 1 | 1 1 1
0.2 0.4 0.6 0.8 1
eB (GeV?)

[Bali et al., Phys. Rev. D86, 071502 (2012)]

— -——
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BSsU Valence vs. sea

LT T 11 | TT 171 | T Tl 1T T 1 [ T T ] I T LT TTT I r7TTmTT ] I Te=T T T 1 i r17TTT [ I T4
C T T i m | )
, - | - B -
15 [ aN=6 ® T _ 0.2 E % 1t J
- o N,=8 Lo - 3 .. 1
T o N=10 I 1 e “E i
=) ‘| H.. t - ﬁ: j o] O - *ﬁ$
Di]-) - & T f ~ Sl } 11K @
< r T 1 <9-0.2 2 N=6 g o . ]
- I -~ " o = T ]
05F > ) A T .
e I o# 1 _gafoN=0 T k
- ® 1-114 MevI T=142 MeV ] T T=114 MeV T T=142 Mev 2
0O I A AN BN A A A i SN AN AR AN A Coooaa oo b b by
0.5 1 0.5 1 0.5 1 0.5 1
eB (GeV?) eB (GeV?) eB (GeV?) eB (GeV?)

[Bruckmann, G. Endrodi, T. G. Kovacs, arXiv:1303.3972]

* Hints of gluon screening (?)

* See also [Ilgenfritz et al. Phys. Rev. D 89, 054512 (2014)]
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FSU

Valence vs. sea

._TlTllTl!Il

ll_._ITll[lllllil_‘

_IIIIITTIIIUE:IA

_IIIFWTIIIIII_

- + =z - T it
1.5 [ a N,=6 ® T b 0.2 . ¥ e o
- ITNE:B ' =1 A ‘_‘.
- o N=10 T ] Ca @ &
o 1 L | - ; A o 0 ‘ _@ % F
<) - “ T f 1 @ f i : t
~ i ] Q9-0.2 2 N=6 + 3 .
o5 * F 2 . ] o g T ]
- o { {  -04F - y
[ ® T=114 MevI g T=142 Mev] [ T=114 MeV T T=142 MeV
N I Y i W P Cova ol b o Loaa g Ly
0.0 1 0.3 1 R 1 0.5 1
eB (GeV?) eB (GeV?) eB (GeV?) eB (GeV?)
[Bruckmann, G. Endrodi, T. GG. Kovacs, arXiv:1303.3972]
* Hints of gluon screening (?)
o See also [llgenfritz et al. Phys. Rev. D 89, 054512 (2014)]
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MAGNETIC CATALYSIS IN
GRAPHENE
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FSU  T_vs. B (inverse catalysis)
=R R U T (B LI L

160 |

I [

—— continuum
— N,=10
— N,=8

N,=6

—

1

|

0 0.2 0.4 0.6 0.8

eB (GeVv?)

[Bali et al., JHEP 02, 044 (29012)]
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ASU  Dirac Fermions in graphene

N
-
de] Holes
=
=
L
e
=
k'
Electrons
— - -
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ESlU Low-energy theory

* Low energy quasiparticles are massless Dirac fermions
(v, =¢/300)

* Spinor: [ Pes

IPKB.\'

Y 5

.liUK 'As
* Low-energy model with U(4) global symmetry:

H, = v,,fdzr @_s(y'm\_ +}/ZJ'L"\,)LI{.

[Wallace, Phys. Rev. 71, 622 (1947)]
[Semenoff, Phys. Rev. Lett. §3, 2449 (1984)]
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, e’ 1) e’
E = i\/Zhv;fn c)B| O =v—=4{n+—|—

f & h 21 h
n=3

—

FSl Quantum Hall Effect

O
Q
A

(y/8p) "0

4-fold degenerate levels

n (1072 ¢m—2)

[Gusynin, Sharapov, Phys. Rev. Lett. 95, 146801 (2005)]
[Peres, Guinea, Castro Neto, Phys. Rev. B 73, 125411 (2006)]
[Novoselov et al., Nature 438, 197 (2005)], [Zhang et al., Nature 438, 201 (2005)]
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Lor B

NONZERO DENSITY: CHIRAL
SHIFT

May 26, 2014
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FSU Helicity/Chirality

* Helicities of massless
particles are conserved

Righ-handed
@. Left-handed

» Conservation of chiral charge 1s a property of
massless Dirac theory (classically)

* The symmetry 1s anomalous at quantum level

May 26, 2014 Low Energy Challenges for High Energy Physicists, Perimeter Institute 26
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FsU “Continuity” equation

« Continuity equation for the chiral charge

0. - - .
(6

* Among its consequences are the relations:

F.

. . ’B
<'j5>=;.7'[3 u <j>=§j'[2 Us

wol

* These are key relations of the chiral magnetic

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

-
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FsU “Continuity” equation

« Continuity equation for the chiral charge

Jo. - - .
g5

« Among its consequences are the relations:

£

. . ’B
<'j5>=§.7'[3 u <j>=;ﬂ'2 Us

wol

* These are key relations of the chiral magnetic

effect
o [Kharzeev, McLerran, Warringa, Nucl. Phys. A 803, 227 (2008)]
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May 26, 2014 Low Energy Challenges for High Energy Physicists, Perimeter Institute 27

Pirsa: 14050099 Page 36/60



PSU  “Continuity” equation

* Continuity equation for the chiral charge

53

* Among its consequences are the relations:

(Js) = iﬁ?.ﬂ (7) = e-B; u
T 27

* These are key relations of the chiral magnetic

effect

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

* Any radiative corrections to CSE?

—

= > B
<j5> = —2( =~ U+ ...

[Metlitski & Zhitnitsky, Phys Rev D 72, 045011 (2005)]
[Newman & Son, Phys. Rev. D 73 (2006) 045006]

* [s there a dynamical parameter A (“‘chiral shift™)
associated with this condensate?

= 3 5
L=Ly+Ayy vy y
[A=0 1s not protected by any symmetry]
* Yes! Chiral shift 1s dynamically generated

[Gorbar, Miransky, Shovkovy, Phys. Rev. D 83 (2011) 085003
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Asu Self-energy at BZ0

3 'k
o) e o [

* The result has the form

i“l(p) —_ Y3Y5A < ]’n]fsﬂs(p)
where

Y‘" :S:{I‘J(k)yv D‘m, (k - p)

A_aeB;t i m i
aIm 2 y(‘pl -p F)

aeB u 2
us(p) =~ —_—‘&(ln?—“(m—) - 1]

xm’ p, |- p,

May 26,3014 Low Encrgy Challenges for High Energy Physicists, Perimeter Institute 29
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Sl Self-energy at B#0

SV(p) = —4mf 4y"S"’(k)y D,,(k - p)

27)

 The result has the form

f(l)(l)) _ y‘lySA + ‘}/”'}/Sius(_]))

where
aeB u m’
A = In -1

Tm’ 2 ‘u.(]p\ - pfﬁ)

aeBu p m’
us(p) = - ——|1In -1
am® pe\ " 2upl - p)
May 2(:.2()]4 Low Energy Challenges for High Energy Physicists, Perimeter In.\lilmc- -;_
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FSl Self-energy at B#0

SV(p) = —4mf 4}/”5“’(1’{)}/ D,,(k - p)

27)

 The result has the form

f(l)(l)) _ '}/3')/SA + ‘}/”'}/Sius(}))

where
aeB u m’
A = In -1
am’ 2 ‘u.(’p‘ -p ,'.)
>
aeBu p m-
u(p) = - ——|In -1
am® pe\" 2u(pl- py)
May 2(:.20]4 Low Energy Challenges for High Energy Physicists, Perimeter In.\lilmc- -;—‘
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FSU Chiral shift and Fermi surface

 QED: Fermi surface of L-handed (R-handed fermions i1s
shifted in negative (positive) z-direction

Det[ig‘l(p) 4 f”’(p)] =0

= |_~handed

...................... R—handed

0.0 0.2 0.4 0.6 0.8 1.0
P.lp
[Gorbar, Miransky, Shovkovy, Wang, PRD 88 (2013) 025043 ]
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PSU  Corrections to axial current

* Final result (loops+counterterms)

3 aeB u 2u m, 4 aeBm’ 2'”.“ 11
<_/;> = - In—+In—5+—| - In -
3 a 3 m

21 m m- 2717 U

* Unphysical dependence on photon mass
because infrared physics with

k}‘ <

eB|

m, < ‘k” :
not captured properly
* Note: similar problem exists in calculation of

Lalnb Shlft [Gorbar, Miransky, Shovkovy, Wang, PRD 88 (2013) 025025]

May 26, 2014 Low Energy Challenges for High Energy Physicists, Perimeter Institute 31

Pirsa: 14050099 Page 44/60



FSU  Corrections to axial current

* Final result (loops+counterterms)

- aeBu(. 2u m, 4| aeBm [ 27"u 11
<_/g> = - —|In—+In—+—| - - In -
i 2 m m-| 3 27 U

» Unphysical dependence on photon mass
because infrared physics with

k,‘s
3

eB|

m, < ‘k” ,
not captured properly
* Note: similar problem exists in calculation of

Lalnb Shlft [Gorbar, Miransky, Shovkovy, Wang, PRD 88 (2013) 025025]
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PSU  Corrections to axial current

* Final result (loops+counterterms)

3 aeBul. 2u m’.,,3 4\ aeBm’ 2% u 11
<_/'§> = - In— +In—5 +; - In -
= x

3 3
2 m m° 27 U

* Unphysical dependence on photon mass
because infrared physics with

k}‘ <

eB|

m, < ‘k“ ,
not captured properly

* Note: similar problem exists in calculation of
Lalnb Shlft [ Gorbar, Miransky, Shovkovy, Wang, PRD 88 (2013) 025025]
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FSU  Corrections to axial current

* Final result (loops+counterterms)

.3 aeBul, 2u . m; 4\ aeBm*(, 27u 11
<,/g> = — —|(In—+In—5+—| - : In -
i 27 m m- 3 277 U m,

* Unphysical dependence on photon mass
because infrared physics with

k}‘ <

eB|

m, < ‘k” ,
not captured properly
* Note: similar problem exists in calculation of

Lamb Shlft [ Gorbar, Miransky, Shovkovy, Wang, PRD 88 (2013) 025025]
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