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Strong Magnetic fields

early universe veB~2GeV
RHIC/LHC 0.1..0.5 GeV QCD scale!

non-central collisions
charged spectators
B perp. to reaction plane

neutron stars, magnetars 1MeV B~10"G
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Strong Magnetic fields

early universe veB~2GeV
RHIC/LHC 0.1..0.5 GeV QCD scale!

non-central collisions
charged spectators
B perp. to reaction plane
neutron stars, magnetars 1MeV B~10"G

cf. strongest field in lab 10°G
(107 G unstable)

refrigerator magnet 100 G

earths magn. field 06G
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What to expect?
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@ quarks couple to electromagnetism: (qu, qq, gs) = (

neutral gluons do not <« indirect effects
o strong electric field = pair creation

@ magn. field = Landau orbits
dimensional reduction to 1+1 dimensions? Mermin-Wagner?

‘chiral magnetic effect’? Kharzeev 04

o bubble of coherent top. charge (‘instanton’) in collision event:
prefers part. alignment of spins wrt. momenta
o magnetic field: aligns spins
= alignment of momenta along B (as if E) = part. charge correlations
o some experimental hints
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Idealized situation

o constant external magnetic field in Euclidean space

gluons, but no photons (no QED)

@ accessible to lattice simulations (no sign problem)
magnetic fields quantized and bounded (like momenta) 't Hooft 79

state-of-the-art: vVeB =0.1...1 GeV
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Free particles in magnetic fields

nonrelativistic and classical:
@ motion on circle perpendicular to magn. field
o radius r = % (gB > 0)
@ angular velocity w = %

o energy E = %wL with angular momentum L

Bohr-Sommerfeld quantization: L=k € Z (in units of A = 1)
o quantized energies: £ = k 35

like for harmonic oscillator

. and spin
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Free Dirac equation with magnetic field
gauge field for B = B, = (curl A);:
Ay = Bx, Arest =0 (no gluons)

Dirac operator D = v,(9, + gA,), square:

1 .
—LD —D2 2qF B0af Oaf = ['Yaa')/ﬁ]/ZI (1)
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Free Dirac equation with magnetic field
gauge field for B = B, = (curl A);:
Ay = Bx, Arest =0 (no gluons)
Dirac operator D = v,(9, + gA,), square:
1 ,
~P? = —Df + 5QFasous Oas = Dras31/21 (1)

=02 92— 92— (0y +qBx)? + qBaya o1z = diag(1, 1,1, 1)
free waves harm. oscillator spin
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Free Dirac equation with magnetic field
gauge field for B = B, = (curl A);:

Ay = Bx, Arest =0 (no gluons)
Dirac operator D = v,(9, + gA,), square:

1 .
—LD —D2 2qF B0af Oaf = ['Yaa')/ﬁ]/ZI (1)

=02 92— 92— (0y +qBx)? + qBaya o1z = diag(1, 1,1, 1)
free waves harm. oscillator spin

eigenvalues thereof: Landau 1930; Euler, Heisenberg 1935

N2 = pf + p5 +19B|(2n+ 1) + qB(2s)
p,pz€R n=0,1,... s=+1/2

degeneracy: |gB| - area = |magn. flux|
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eigenvalues of massive operator:
mP + X2 = m? + pf + p + [qB|(2n + 1) + gB(2s)
like class. energies plus spin

o charged quarks, spin 1/2:
lowest Landau level (LLL) has A =0
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eigenvalues of massive operator:
mP + X2 = m? + pf + p + [qB|(2n + 1) + gB(2s)
like class. energies plus spin

o charged quarks, spin 1/2:
lowest Landau level (LLL) has A =0

o charged pions, spin 0:
A2 = |eB| = mass grows as: m?(B) = m?(0) + |eB]|
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eigenvalues of massive operator:
mP + X2 = m? + pf + p + [qB|(2n + 1) + gB(2s)
like class. energies plus spin

o charged quarks, spin 1/2:
lowest Landau level (LLL) has A =0

o charged pions, spin 0:

A2 = |eB| = mass grows as: m?(B) = m?(0) + |eB]|

@ charged rho mesons, spin 1:
)2 = —|eB| = mass reduces as: m?(B) = m?(0) — |eB]
|eB| = m5 = condensation? Chernodub 10

[gluons under chromomagnetic field: instability of Savvidy vacuum]
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Magnetic catalysis
NJL model in 3+1 dimensions Gusynin, Miransky, Shovkovy 96
L =9¢P[Bly + GO(y*)

o chiral condensate in mean field:

(rp) = trlDer ...just B, otherwise free

=my qB/ (ise_mgs coth(sgB) ...proper time (Mellin trafo)
1/A2

1 degeneracy Schwinger 51
B
= mo |A? + gBlog Z‘i?] ...for small my, large B
0

o dynamical mass m from gap equation:

m = G{)) = mG [AZ + gBlog Zg]
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0 always trivial solution m = 0 preserving chiral symmetry

@ nontrivial solution m > 0 breaking chiral symmetry

m= B ex 1 ex A—Z
- (7 p C;(]E? p (7E3
for arbitrarily small magnetic fields & small couplings G
nonperturbative

magn. field catalyzes condensate and dyn. mass

@ in contrast vanishing magnetic field:
nontrivial solution only for strong couplings G
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Magnetic catalysis from the lattice

o change of condensate with B: (D’Elia et al. 10) Bali, FB, Endrédi et al. 11
_I T T I LI L I LI I LI L I LI L I T T I_
- E 0=0.29 fm .
~ - B a=0.215 fm .
~ 1+ a=0.15 fm —
- 0=0.125 fm .
> r I a=0.1 fm ;:’ -1
W F @D cont. limit B
+ - -
E‘: 0.5 N 7
3 i 2 i
C /’ T=0 ]
I i
s ]
O rbl 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1

0.2 0.4 0.6 0.8 1
eB (GeV?)

mult. and add. renorm.: AY, g = #My_qg [(Yya)(B) — (¥1py,q)(0)]

continuum limit with Ny = 2 + 1 (staggered) quarks at phys. masses
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Magnetic catalysis from the lattice: comparison

o change of condensate with B:

— PNJL model
- XPT

0.4

0.2

AZ, +3) /2

I lattice cont. limit

eB (GeV?)
Cohen, McGady, Werbos 07, Andersen 12
Gatto, Ruggieri 10

chiral perturbation theory
& NJL model

=- well approximated unless eB > 0.1

0.3

Falk Bruckmann
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GeV? (approaches valid there?)
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QCD phase diagram with B

o at B = 0: crossover Aoki et al. 06

Falk Bruckmann QCD probed by strong magnetic field 11/26



QCD phase diagram with B

0 at B = 0: crossover Aoki et al. 06
@ with B: catalysis seems to prefer chirally broken = low T phase, but
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QCD phase diagram with B

o at B = 0: crossover
@ with B: catalysis seems to prefer chirally broken = low T phase, but

pseudo-critical temperatures T.(B): Bali, FB, Endrédi et al. 11

Aoki et al. 06

=g
Z Gur+ddr —

n i universe
" I n I I I

0.2 0.4 0.6 0.8

eB (GeVv?)
renorm. condensate of light quarks, strange number susceptibility
= T, decreases by O(10) MeV
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Nature of the transition

o volume dependence of light susceptibility:

:I T T T I T T T I T T T T I T l:
6 F X,0? o 1656
: 5 243x6 7
5 —_ 1 0323><6_—
4 ﬁ{ % i } =
N ) N
kg [ oy
- eB/T2~82 .
2 _—% -
i | 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 7

130 135 140
T (MeV)

no volume scaling = remains a crossover up to veB ~ 1 GeV
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Inverse magnetic catalysis

@ again change of condensate, for finite T

T=0 ]
T=130 MeV
T=148 MeV
T=153 MeV
T=163 MeV

TN E

0.5

AZ, +2) /2

= non-monotonic behaviour:
magn. catalysis turns into inverse magnetic catalysis around T,
captured by models? understanding?
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Inverse magnetic catalysis in the gluonic sector

o change of gluonic actionat T=0and T 2 T¢:

Bali, FB, Endrédi in prep.

T T T T E T IS T T T T T T T T
1 243¢32; a=0.29 fm S | T=163MeV |
HH 243¢32; a=0.22 fm S | P 24%6
w | P¢ 325x48;a=0.15 fm HH 2438
S | F 40%x48;a=0.125 fm i Fe4 283¢10
S
E
LN N
>y >
8 [ * 1 8o M=
& @3
< % i= 3 {
S £ e EX
o
=
= X
g X
o IS |
<
1 1 1 1 1 1 1 1 1 1 1 1 1
0 0.2 0.8 1 0 02 04 06 08 1 12 14 16

0.4 0.6
eB [GeV?]

eB [GeV?]

similar behaviour: magnetic catalysis — inverse magnetic catalysis

mediated by quarks

Falk Bruckmann
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Inverse magnetic catalysis: consequences

@ again condensate, now as function of T at fixed B:

N eB=1.05 GeV?
I eB=0.53 GeV2
zZ eB=0

magn. catalysis and inverse magnetic catalysis (vertically) v/

T. decreases v

Falk Bruckmann

120

140

160

T (MeV)
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Inverse magnetic catalysis: comparison

@ again to xPT and PNJL model: Andersen 12; Gatto, Ruggieri 10

____________ <
1 Fe i G T e B
%\; BN

0.5 | lattice xPT PNJL gﬂ

(z,+2)/2

=
1
1
[velluvivvlvi]

r":r
| I SR S NN T ST ST S NS S S S N R

0 50 100 150
T (MeV)
= xYPT ok unless T > 100 MeV (valid there?!)
PNJL? this one uses Polyakov loop potential from Ny = 2 lattice data
= Nno inverse magn. catalysis (= crossing of curves)

T T
>
1
1
s
= .
| G R B
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Inverse magnetic catalysis: previous lattice simulations

1+ 1+ 1 (staggered, smeared) us

at phys

Falk Bruckmann

. masses

LA LA R B B S S

N eB=1.05
m eB=0.53
z eB=0

L B B

T

GeV?
GeVv2

T

[ AT AT A

eB=0
|

eB=0.45 GeV? 7

R

120 140 160 180
T (MeV)

1+ 1 (staggered) D’Elia et al. 10
at higher-than-phys. masses

Chiral cond. b=0
Chiral cond. b =8

Pol. loop b=16
Pol. loop b=24

015k T . e i

005 ) B

527 528 529

similar in SU(2) ligenfritz et al. 12
| To(B) different
I monotonicities different

rationale: continuum limit,
light quark masses!
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Inverse magnetic catalysis: mechanism

- qun_ J DAye” %] det(DIA,; B] + m) tr(B[A,; B] + m)~"
Vo= [ DA, ,e=SslAul det(D[A,; B] + m)
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Inverse magnetic catalysis: mechanism

Gy — [ DA, e~ SalAl det(D[A,; 0] + m)tr(D[A,; B] + m)~!
[ DA,e SolAud det(D[A,; 0] + m)
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Inverse magnetic catalysis: mechanism

Gusea — [ DA, e~ SdlAl det(D[A,; B] + m)tr(D[A,; 0] + m)~!
[ DA,eSslAd det(D[A,; B] + m)
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Inverse magnetic catalysis: mechanism

[ DA, e~ SdAl det(D[A,; B] + m)tr(D[A,; B] + m)~!

ol =
- —SylA, .
[ DA, ,e=SslAul det(D[A,; B] + m)
approx. summed up: Pl ~ pval 4 fypsea D'Elia, Negro 11
o atlow T and around T¢: FB, Endrédi, Kovacs (in prep.)
:T TTT { TT T T { T T::T TTT { TTTT { T i :T TTT { TTTT {&T::T TTT { TTTT { T T:
FaN=6 & ] 02 F 7
15 o Nie + e - T ]
C N,=10 T ] [ T ]
[N S P 1 0@ % i =
s 1 . I r n T ]
T I T = . 9-02 Fan=6 I
r @ T ] i [ o N=8 T z ]
0 roe T # . _0.4 [° N=to ]
C & T=114 Me\/:;@g T=142 MeV ] . [ T=114 Mev T T=142 Me\/%
O 1111 l 1111 l lr 1111 l 1111 l 1 T kl 111 l 111 l 1 1771 111 l 111 l 11
0.5 1 0.5 1 0.5 1 0.5 1
eB (GeV?) eB (GeVv?) eB (GeV?) eB (GeV?)

valence: B generates condensates via low modes (catalysis)

sea: low modes disfavored, det = weight ! (quarks feed back)
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Summary |

o magnetic catalysis: (Y1)(B) ,* atT =0

o inv. magnetic catalysis: (¢Y1)(B) \, at T~ T

o sea quark effect

o only for light (phys.) quark masses

@ QCD crossover: T;(B) decreases slightly
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Summary |

o magnetic catalysis: (Y1)(B) ,* atT =0

o inv. magnetic catalysis: (¢Y1)(B) \, at T~ T

o sea quark effect

o only for light (phys.) quark masses

@ QCD crossover: T;(B) decreases slightly

second part: Is the QCD vacuum diamagnetic or paramagnetic?

Falk Bruckmann QCD probed by strong magnetic field
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Does the free energy increase/decrease with B?

dF = —M dB: do spins align antiparallel or parallel to B
from partition function:

e fiT=z= /DA e~ Seawee det(D + m)

reminder m-derivative and condensate:

0log Z det=exptriog 1 —
- = <trw+m1>—<1/ﬂ/}>

B-derivative:
dlogZ 1 oD 1 1 oD 2

oa8) ~ "o maeB) = 2m"" D+ maeE)

oF (1) 1 1

angular momentum + spin

..12 allowed because B = Fi»
Falk Bruckmann QCD probed by strong magnetic field
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Free quarks

- T, o1 T o12
(Yora) = (M D+ =)=y mtr PP+ ey
_ qu/ d’p Z 2s
oo (2m)? <~ p?+qB(2n+ 1)+ qB2s + m?
2s=+1
mqgB [ d’°p —1 .
= — / Cn)E D2 T P only LLL survived!

@ negative
o linear in gB: degeneracy
for LLL: 2d index predicts magn. flux v/
@ log. divergence mlog(m/A) = mlog(ma)
not present in chiral limit
removed through 1 — maim and renorm. factor of tensor operators
connected to charge renormalisation
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Magnetic susceptibility
@ x and tensor coefficient 7 from leading behavior: loffe, Smilga 84

(bo121) = gB (P) - x +0((gB)°)
——
for each quark flavor

@ y relevant for radiative Ds meson transitions, anomalous magn.
moment of the muon, chiral-odd photon distribution amplitudes

@ in free energy:
F o —7(qB)? + O((9B)")
negative 7 as we will find = free energy increases with B =
diamagnetic contribution of spin

o technically: (1)o12%) is easily available in staggered formalism
(the angular momentum term seems not)
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Magnetic susceptibility from the lattice

o linear behaviour of — (o121 in B: Bali, FB, Constantinou et al. 12
_I 1T I T TT I T TT I T TT I T TT I I_
A T=114 MeV, 243x6 .
;,\0008 [ O T=141 MeV, 16%x6 s A
P [ O T=141 MeV, 243x6 ]
S 0.006 | 4 T=141 MeV, 323x6 = -
~ [ O T=154 MeV, 243x6 L ]
%0.004 [- - -
o o L ® i
|§ L A & = @ -
I 0.002 | e o -
o |
| | I 1111 I 111 1 I | I I 111 1 I 1

0.1 02 03 04 05
eB (Gev?)
= negative
= decreasing slope for higher temperatures

Falk Bruckmann QCD probed by strong magnetic field 23/26



Order parameter

o behaviour of tensor coefficient 7 = <¢‘;‘§¢> at different T’s:

_I T T I T T T I T T T I T T T I T T T I T T I_

C continuum ]

30 r — N=10 ]

- N‘=8 .

= C — N=6 ]
2 20F -
® ¥ ]
I N ]
10 - I

: .\\qL :

C L ]

O Coov v v by by | |T Mr

120 140 160 180 200
T (MeV)

= inflection point: T, = 162(3)(3) MeV
compatible with Téww) =159(3)(83) MeVat B=0
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Numbers

o at T = 0 and MS scheme at 2 GeV:

Tup = —(40.7 £ 1.3) MeV
Tdown = —(39.4 + 1.4) MeV
Tstrange = —(53.0 = 7.2) MeV
—(

—(

2.08 +0.08) GeV 2
2.02 + 0.09) GeV 2

Xup =

Xdown =

quenched unrenorm.: 7,5 /gown = —52 MeV Braguta, Buividovich et al. 2010
QCD sum rules: yjght = —(2.11 + 0.23) GeV 2 Ball, Braun, Kivel 2003

vector dominance: Yjight = —-= ~ —3.3 GeV 2
g m2
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Summary li

spin polarization (Y oq21)):
o exists due to anisotropy F&! = B
o  gB already for free quarks
divergence: removed
o coefficient 7 is an order parameter
@ contributes to free energy: spin diamagnetism
condensed matter, ideal Fermi gas:
spin paramagn. & angular diamagn., 3 : -1 Landau 30
here we discuss the (QCD) vacuum:

related to asymptotic freedom Nielsen 81
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Backup: Simulation details

as for transition studies at B=10 Budapest-Wuppertal

o tree-level improved gauge action
o stout smeared staggered fermions (rooting trick)

2 light quarks + strange quark, charges (qu, 9. gs) = (5, — 3, —
lattice spacingsetat T=0,B=0

o

)e

©
(S

physical pion masses
set by fx, fx/m; and fx/mg
T =0: 243 x 32, 323 x 48 and 40° x 48 lattices
T>0:N;=6,8, 10 meaning a= 0.2, 0.15, 0.12 fm
Ns = 16, 24, 32 for finite volumes
condensates from stochastic estimator method with 40 vectors

© ©

©

magn. flux quanta: Np < 70 < X% — 144 ac

©
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Backup: Mass sensitivity

o what if we put (Mygnht, Might, Mstrange) —+ (Mstrange, Mstrange> Mstrange) ?

35 F F ]
3 07 F ]

Y 2_5? N E E
2 2F 2 06
15 F F 3

E 0.5 | 3

1E E ]

- E " N T T 3
° 0.03 ° s N3 ]
3 : Zo02 =2
> 0.02 ] L ]
=} £ > E ]
! F | 0.01 [~ .
o 0.01 F = 5 1
5 F 5 N ]
5 oF Ol -]
E o R B

120 140 160 150 200 250
T (MeV) T (MeV)

T-dep. of u-susceptibility (top) and change of u-condensate (bottom)
= effects of decreasing T; & inverse magn. catalysis disappear
light quark masses are important nace
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