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Phase diagram of QCD in a strong magnetic field

Hadronic matter in strong magnetic fields

1. Noncentral heavy-ion collisions *

B (MeV?)

7(fm)

1Kharzeev, McLerran, and Warringa (2008), Skokov, lllarianov, and Toneev (2009)
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Phase diagram of QCD in a strong magnetic field

2. Magnetars B = 10" — 10'°G.2

3. Electroweak phase transition B = 10?3 G. 3

2 Duncan and Thompson

Vachaspati, Enqvist and Olesen. Rummukainen et. al.
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Phase diagram of QCD in a strong magnetic field

Conclusions

1. Chiral models and lattice predict magnetic catalysis at 7" = 0: Quark
condensate is an increasing function of B.

2. Chiral models show magnetic catalysis at temperatures around T,: T, is
an increasing function of B.

3. Lattice simulations show inverse magnetic catalysis for physical quark
masses at temperatures around T,: T, is a decreasing function of B.

4. Critical temperature and order of phase transition depends on treatment
of vacuum fluctuations - take them seriously.

4JOA-%—WiIIiam Nalyor+ Anders Tranberg arXiv:1411.7176
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Phase diagram of QCD in a strong magnetic field

Chiral models

Quark-meson model

£ = Ot ot + e m]v 5000+ 0umr]
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1. O(4)-symmetry broken to O(3) by chiral condensate. Three Goldstone
bosons (pions).

2. Magnetic field breaks SU(2) isopin symmetry. Only the neutral pion is a
Goldstone mode.

3. o+ 7% — (0% +73) +2(rTw~) with two separate couplings.
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Phase diagram of QCD in a strong magnetic field

Mean-field approximation
1. Background and quantum field

o = ¢+o0.

2. Omit bosonic quantum and thermal fluctuations

3. Effective potential:

1 A
For1 = §m2¢2 + ﬂ¢4 — h¢ — TrlogS™1,
Trlog S~ = Z Trlogliv,(Py + qrAu) +mg| ,
f
mg = go.
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One-loop contribution

B
Fio= =3 wm{Reste )
Py
_ _luB| dp:  p2 2 o
= SN [ Em (B pt e ml s Bl(2k 41— )]
s,k, Py
i) : I

1. Zero-temperature part is regularized using dimensional regularization and
zeta-function regularization
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Phase diagram of QCD in a strong magnetic field

r—o _ (arB)* (A" B B 1
F1 = ) 2|qu| F( 1—|—€) C( 1—|—e,a:f) 21‘f

- o () (544 (02)

—8(qu)2C(1’O)(—1, xy) — 2|qu|m§ Inzy + (9(6)] ,

2
Mg

2[qsB| -

Ty =

2. Must renormalize g and B.

3. Parameters tuned to reproduce vacuum physics, i.e. pion mass etc.
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Phase diagram of QCD in a strong magnetic field

Renormalized one-loop effective potential

For1 = 12 1+NZ A1+ tmrg + 2t
ot~ |2qB| 2 24

1 1
o 22 q¢B) [ ¢10) l,xf)+§xflnwf—zx?c
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o (Bm) ~ Jo \/p§+M% eﬁ\/pﬁ—i-Mg +1
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Phase diagram of QCD in a strong magnetic field

Magnetic catalysis at 7' = 0

— Tree level
—- lqBI=0

- igBl=5m’
- IgBI=10m

L O C L L
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0/MeV

1. One-loop effective potential unstable.

2. By subtracting one-loop effective potential at B = 0, one avoids the
instability.
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Phase diagram of QCD in a strong magnetic field

Free energy:

M? 1 1 1 M?
= — 4+ | ZA*—2AZMZ 4+ M+ M In —
4 2¢ @)y [2 LR &
Gap equation in NJL model
472 9 9 A2
Nontrivial solution for
472
G>G.= Az
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Phase diagram of QCD in a strong magnetic field

Gap equation for nonzero B
e A2
& — A2 M — 247 B] [dl@)(o,xf) +ay
1
_E(Qxf -1) lnxf] = 0.
Solution for G < G,

B| 1 472
ez = 1Bl {__ <——A2>].
™ layBl \ G

Dynamical symmetry breaking. Same form in LLL approximation. Dimensional
reduction 3 + 1 — 1 + 1 dimensions. >

5Gusynin, Miransky, and Shovkovy (1995)
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Phase diagram of QCD in a strong magnetic field

Solution for G > G,

1 qZB2
M2 = M%*B=0)|1+= f
(B=0) +5097 +

(B =0)

Governed by the QED S-function.
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Phase diagram of QCD in a strong magnetic

Chiral transition
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1. Order of phase phase transition depends on treatment of vacuum fluctua-
tions 6

2. First-order vs crossover at the physical point.

6 Khan+JOA (2012)
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Phase diagram of QCD in a strong magnetic field

Coupling to the Polyakov loop
1. NJL model describes chiral symmetry breaking but is not confining

2. Couple the model to the Polyakov loop which the order parameter for
confinement 7

7 Fukushima (2003)
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Phase diagram of QCD in a strong magnetic field

Thermal Wilson line L and Polyakov loop

I ,Pei fOB drAg(z,T) )

Temperature behavior

® = (I) ~ 0, confinenment at low T,

® = (I) ~ 1, confinenment at high T .
Adding the Polyakov loop by introducing a constant background Ay

0, — 0, —idouA, .
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Phase diagram of QCD in a strong magnetic field

Distribution function

1+ 2PefEa 4 Pe26Ea

Nr 1+ 3efEq + 30e2BEq 3B,
Limits
Np — _ 1 d=0.
9B, 11
Np — eﬁTl—yl , o=1.
Pure-glue potential
U 1

s = _— 2 _ 2 3 _ 4
T2 2a(T)<I> +b(T) In[1 — 69° 4 8D° — 307 .

a(T) and b(T') determined to reproduce pure-glue QCD thermodynamics.
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Phase diagram of QCD in a strong magnetic field

Chiral Limit

T,, To (MeV)

MMy

Tooo =175 MeV |
0 5 10 15 20

eB/m,?

Chiral and deconfinement transitions at B = 0 (left) and as functions of eB/m2

(right) &

8Amador and JOA (2013). Gatto and Ruggieri (2010)
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Phase diagram of QCD in a strong magnetic field

Functional renormalization group

1. Method to implement Wilson’s
idea of integrating out momen-

: 9
tum shell successively. Kk=A | S=Toon(®)

2. Average effective action T'y[¢]
that interpolates between classi-
cal action and full quantum ac-

k=0 1 Tk=0(¢)

tion

9Wetterich, Nucl. Phys. B 352 (1991) 529, Berges, Pawlowski, Schaefer and Wambach, Skokov, von Smekal...
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Phase diagram of QCD in a strong magnetic field

Exact flow equation for T'y[¢]
1 -1
ko] = 5T]r {&ch (q) [F/(f) + Ry (q)} ] + term for fermions .
Ry (q) is a regulator function that implement the renormalization group ideas.

Feynman diagram for flow equation
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Phase diagram of QCD in a strong magnetic field

Ansatz for effective action

B8
nid = [ ar [ {51007+ @]
+Uk(9) + 07,0, + gt [0 + iysT - 7] 2b}

Flow equation for effective potential Uy (¢) with boundary condition

Fk:A [¢] = Sclassical y

1 AA
Sclassical = /d4$ |:§m?\¢2 + ﬂ¢4:| .

mf\ and A\j tuned to reproduce vacuum physics T'= B =0 for kK = 0.
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Phase diagram of QCD in a strong magnetic field

Transition temperatures as functions of |¢B|/m2

T T T 220t —o— T
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1. Less magnetic catalysis at finite temperature with the Polyakov loop

2. Deconfinement transition hardly affected by finite B 1°

10JOA-%—Naonr+Tranberg
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Phase diagram of QCD in a strong magnetic field

Lattice calculations

Partition function

2 / DIDYDA, e~ 7 Iy i By emy

= /DAue**% det(JXB)+m)

1 B
Se = 3 / dx /0 drTr[G Gl
0 iX
B =
) (iXT 0 )
iX = Dy+ioc-D
det(P+my) = det [XTX +m}]
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Phase diagram of QCD in a strong magnetic field

Manifestly positive fermion determinant - no sign problem

Quark condensate at T =0 11

7
L I lottice cont. limit p
~ 0.4 — PNJL model —
~ p
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1lLattice results by Bali et al (2012).

27/38

Jens O. Andersen | Norwegian University of Science and Technology
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Transition temperature!?

LA B e B T

T

160 /////////////// %cimﬁnuum

T

T,(B)/ T,0)
:

1 ‘ ‘ ‘ ‘ ‘ 0 02 04 06 08
5 10 15 20 B (Gev?)
B/ T

Inverse magnetic catalysis for physical quark masses and magnetic catalysis for
large quark masses.

12D'Elia et al 2010 (left) and Bali et al 2012 (right).
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Phase diagram of QCD in a strong magnetic field

Partition function and quark condensate:

N
=
I

/dZ/le_Sg det(I(B) +m) ,
(W) = ﬁ/duesg det(I(B) 4+ m)Tr(](B) +m)~ ',
Valence contribution:

Dy = % / dUde 50 det (JX0) + m) T (JXB) +m) " .
Sea contribution:

() = ﬁ/ddesy det(IA(B) +m)Tr(IX0) +m)~ " .
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Phase diagram of QCD in a strong magnetic field

Relative increment of valence and sea contributions to the quark condensate.!3
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13D'E|ia et al (2010).
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Phase diagram of QCD in a strong magnetic field

Banks-Casher relation

lim lim (¢Y¢) ~ lim lim p(\) .

V—00m—0 V—00m—0

Spectral density for different values of B 4
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14 Endrodi et al (2013).
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Phase diagram of QCD in a strong magnetic field

Average
<6_Asf(B) O)O
(e 55,
log det (X B) + m) — log det(IX0) + m)

O)p =
—ASy(B)

Valence and full condensate:

W)™ = (Te(PB) +m) "o
- e 25 BTy (JAB) +m) Lo
vy = b
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Phase diagram of QCD in a strong magnetic field

Scatter plot of quark condensate and the Polyakov loop as a function of AS(B)®
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15 Endrodi et al (2013).
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Very large magnetic fields'®

T T
N ]
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Anisotropic pure-glue theory in the limit B — oo.

16 Endrodi (2015)
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Phase diagram of QCD in a strong magnetic field

Models, DS, and FRG

e Assume B-dependent coupling G constant to fit to lattice data

o Assume B-dependent T} in pure-glue potential'’

30 60 90 120 150 180 210 240 270 005 0.1 015 02 025 03 035 04
2.
Ty IMeV] ¢B [GeV’]

17 Fraga et al (2014)
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Phase diagram of QCD in a strong magnetic field

Dyson-Schwinger 18

160
® up quark

140 = down quark
% 120 4 flavor average
=
i 100

80
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18 Braun et al (2014) and Muller Pawlowski (2015).
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Fixed-point analysis®®

Critical coupling increases with T, signalling chiral symmetry restoration, and
decreasing with B, signalling inverse magnetic catalysis.

19Braun et al (2014).
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