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THE GOAL OF THIS TALK

Understand QCD thermodynamics in the presence of a back-
ground magnetic field.

1. What happens to B in a periodic box?
2. How does B affect the order parameters (y¢» and P):
catT < T.? (':'j\
catT~T.? (22
catT > T.?
3. What happens t the nature of the QCD transition?
L= B

4. Can we go beyond uniform B?
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det [ID(A) 4 m|e~% using Monte Carlo steps.
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LATTICE CXC IN ONE SLIDE

(0) = % / DYDYDA Qe SAl % / DA det[D(A) + m] O %4

equarks ¥(x) xe R —¢(n) nezZ i i

o gluons A, —» U, = 4T ¢ SU(3) | |
e (anti-)periodic boundary conditions

© quark A gluon

1. Generate samples {O1, 05, ..., Oy} with a probability
det [ID(A) 4 m|e~% using Monte Carlo steps.

2. Calculate averages ( O ) = (1/N) ZL O;
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MAGNETIC FIELD ON THE LATTICE

(n+ ) — Uu(n — p)Ty(n — )
Z’y“ 2a

pn=1
* Interaction with the Gauge fields are realized by U,
+ Electromagnetic field: u%"(n) = exp(iagA,(n))

n
gluon_ em
U, — Ui up
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Stoke’s theorem must hold:

inner area: fA,de# =SB

outer area: fA#dxM = (LyL, — S)B

efiqBS _ eiqB(LxL,,fS)
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MAGNETIC FIELD ON THE LATTICE

Stoke’s theorem must hold:
inner area: fA,de# =SB

outer area: fA#dxM = (LyL, — S)B

efiqBS _ eiqB(LxL,,fS)

27N,
CLLy,’

qB N,eZ The magnetic flux is quantized in-

side a box!
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DEFINING U(1) LINKS

We can perform gauge transfor-
Ay=Bx Ax=A:=A=0  mations on the links
Uy = U, = U =1
| ) (x) = Qx)u,Qx + ajp)!
uy(Lx) _ elﬂZ‘n’Nb/Ly # My(O)
a is the lattice spacing.

0 a 2a .. Li«a L
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DEFINING U(1) LINKS

B=V XA

We can perform gauge transfor-
Ay=Bx Ay=A:=A1=0  mations on the links
u, = By =, =u =1

) (x) = Qx)u,Qx + ajp)!
u (L ) _ eiaZ‘n’Nb/Ly # u (O)
ylx y ) , ,
a is the lattice spacing.

y
b= e By jfx=L,—a
g 1 ifx#L —a
__ iagBx
uy =e
U, =
=2 Uy = 1
: Mt
0 a 2a .. Lra L«
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WHAT DO WE KNOW AT B = 07?

L - (0000000,
@, e
¢ o. \(f(‘w 0 .
LHC s
155 MeV — RHIC

T |

I
M B 900 MeV

Approximate order parameters: i1, P
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ANALYTICAL RESULTS FOR THE QUARK CONDENSATE

At T = 0 chiral perturbation theory predicts #

|9B[In(2)

A(d)(B) = () (0) e


https://arxiv.org/pdf/hep-ph/9703201.pdf
https://arxiv.org/pdf/1205.6978.pdf
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ANALYTICAL RESULTS FOR THE QUARK CONDENSATE

At T = 0 chiral perturbation theory predicts #

L3 T T

—= IgBI=5(140 MeV)’, one loop
— 1gBI=5(140 MeV)2, two loops
—— IgBI=0, onc loop

— 1gBI=0, two loops

I ——— 7 . . .
* increases linear with gB
05 \\\ \\\\ -

0l) |<|m 2(‘10 : 300

T [MeV]
2 condensate dependent on

T for gB = 0 and gB = 0.1GeV?
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https://arxiv.org/pdf/1205.6978.pdf
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At T = 0 chiral perturbation theory predicts #

Ls T T
—= IgBI=5(140 MeV)’, one loop
— 1gBI=5(140 MeVY’, two loops
—— 1gBI=0, one loop
___________ — IgBI=0, two loops
* increases linear with gB
S N « decreases with T
05 NS \\\ B . . .
+ chiral perturbation theory will
break down at high
o W E— temperature
2 condensate dependent on

T for gB = 0 and gB = 0.1GeV?


https://arxiv.org/pdf/hep-ph/9703201.pdf
https://arxiv.org/pdf/1205.6978.pdf
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* Dimensional reduction
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* Enhances ¢ e

. . . * m,-dependent
* Dimensional reduction

D—D-2atB+#0 * No IMC in quenched QCD
(det(IP +m) = 1)
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* Universal phenomenon 8
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C  TRANSITION AT B # 0

< §
~ 5 _
< = S —
= 5 eB =4 GeV 2 eB =9 GeV
woosp B Hoosi- -
= ¥ =
o O a=0.1144 fm- N =2 g o &
P & a=0.1144 fm- N, =36 =
A a=0.0858 fm - N g a
v a=0.0858 fm -0
O = a=o00572fm-N =48 E o & A 4
-9 " g
L Il 1 1 L L L L L 18
60 80 100 120 140 60 20 100 120 140
T [MeV] T [MeV]

Figure 1: Renormalized chiral condensate at eB = 4 GeV? (left) and eB = 9
GeV? (right) »
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C  TRANSITION AT B # 0

< §
r 2 = 2
) = g =
2 3 eB =4 GeV 2 eB =9 GeV
EJ ost g -ff 05 -
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o SN =24 g o &
= SN, =36 =
L
“ SN =32 g “ a
SN, =48 A
o NEoe ., 4 "2 :
8
L 1 1 L & L L L L 18
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Figure 1: Renormalized chiral condensate at eB = 4 GeV? (left) and eB = 9
GeV? (right) »

There must be a critical point somewhere in the range
4 GeV? < ¢B < 9 GeV2.
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WHY NON-UNIFORM B?
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netic fields on the lattice B = Summary
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1. E on the lattice brings a sign problem!
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1. E on the lattice brings a sign problem!

2. No Minkowski time evolution
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1. E on the lattice brings a sign problem!
2. No Minkowski time evolution

3. The fields are non-uniform 2
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U(1) LINKS

» Flux quantization

N,
gB=—"t L Nyez
Lyetanh(ﬂ)

+ Periodic U(1) links
N, tanh (ainri\]"‘/z)

—_— 0<n,<N,—-1
Ny  tanh(a}x) =M= M

uy(n) = exp | ir

~ N,
uy(n) = exp (—IZWanﬁnx,le) u(n) =u(n) =1
y
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FREE QUARK CONDENSATE

0.2

0.18
0.16
0.14
am®q 1
0.1

0.08
0.06

©O0000000
cookRRPRRER
PN WS

~ 0 ©

Quark condensate for ¢ = 2.0 and am = 0.2 dependent on x and Nj,.
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FREE QUARK CONDENSATE

0.25 F w - 0.6 ‘
£&=2 —— ma=05 ——
=5 — 05| ma=02 ——
> 02 re=100 - I = Q.4 |-Ma=0.05 -
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(BARE) MAGNETIC SUSCEPTIBILITY

* Linear response term:
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(RENORMALIZED) MAGNETIC SUSCEPTIBILITY

The divergence is independent of T
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