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QCD Phase Diagram
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Lattice QCD: chiral+deconfinement
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Magnetic Catalysis (MC)

Dimension Reduction (Nucl. Phys. B 462, 249(1996); 563, 361 (1999))
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Theoretical Framework



NJL model

SU(2) Nambu--Jona-Lasinio model

L =) (iv" 0, —mo ) + G’[ (L;-e;ﬁ')z + (?;if;.-g,ﬂ- L-"‘)Q ] Y: quark

chiral symmetry SU®2); ® SU2)g B~ u), @ U(1)g

NJLAER A S BCSHE 8 5 A, #J 2 A RAF R FAESTARPE(FAEEER)
(2008, Nobel Prize),

(1)Quarks: basic degree of freedom
(2)Mesons: RPA resummation (quantum fluctuation)

(3)Q-M system: Feed-down from mesons to quarks
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(1) Mean field

SU(2) NJL model
L= (iyyD" —mo) ¢ + % [(IM)Z + (waw)z]
DV = 3" +iQAY Q =diag(Qu, Qq) =diag(3e, —3e)
Magnetic field: B = (0,0,B) =V x A

¥ is quarks; chiral limit m,=0; coupling constant G ;

order parameter: chiral condensate (V) B
effective quark mass m =mqg — G{¥ )

thermodynamic potential : T |
m?2 Qg = _FTTLH ST
Qmf = 2C + €24 (SHE#AET)

gap equation: 5 «/om = 0 =3 m(zl(ﬁgﬁg)ﬂ 7



guark propagator under external magnetic field
---- RItus propagator

. d i (x— .
Sf(X-Y)=lZf#€ PX=Y)pp(x1, p2) D (P) Pn(y1, P2),

1
Pa(z,) = & 2.0+ gy 1 (2.0)]

IS
+ 7f [gff (2,9) — Ing) (2, q)] yly?,

D;‘(f))=y-p—m, p = (po.0,—sf,/2|QfBln, p3)

P =(p0.0,p2.p3) In=1-38no
g (2.9) = ¢n(z—57q/1QB])

dn(z) = (2" |Q B "1/2) "% x e Z1QsBI2, (2/1Q ;B 1/2)



(2) Mesons (quantum fluctuations)

meson propagators @ Random Phase Approximation

G

G X
Dm(k) = ;= h e = w4 S s

polarization functions
My (k) = —i f d*(x — x)e* CTOTr [Ty S(x, XT3 S, %))

1 M=o 1 M=o

Py JiT+ys M=my e JiToys M=my
M=1it_ys M=m_ M™ )it ys M=m_
iT3ys M=o, iT3ys M =g

meson mass:
1 —GIpykg=m$ k! =0)=0 «—_]

gquark-meson coupling:

2 dTTp (k)
M _ L
(gqﬁM) = [g dic

pole equation

~1
1 _ g2 0 _ o3
k2=(m?, ,o)] EqgM = Sqam 7 SqaM = SqgMm




(3) beyond mean field

mesons
gquark-meson system: O - +QQ+ZQM W g

meson thermo- d°k [Em —Ep/T
dynamic potential: QM:] (27)3 [ ) +Tln (] —e )]

meson energy: Em=\/mﬁ4+k%+v2l(k%+k%)

. 2 2
transverse velocity: Vi — (33?;:»4) / (géw)

new gap equation: “running” coupling constant G’(B,T)

n
1 92 |~ 0Qu Qy =3 L m
”‘(zc*amﬁ%: amz)—” | M 2

1 SQQ 1 — i 4 BQ_M
m ZG" L) Im2 =0 26"  2G Y Im?2 mfnf 10




Theoretical framework

1. Quark level: solving gap equation with mean field ,m

(R To ¥
m(—+=9)_0
(ZG + amZ) <

2. Mesons (quantum fluctuations)
1 — GIy (ks =m%, k> =0) =0

2 2
2 _ (.0 1
Vi = (gqﬁm) /(gqﬁm)

3. Feed-down from mesons to quarks:

---- beyond mean field gap eq,m,

) _p
m(ch T am2)

1 1 d2Mm
26’ 2G + % om?2

2
mmf

Mesons

However,
(1)G is constant;
(3)Running G’(B, T

---------------------------------------
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From eq(1),
- Btm1;
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NJL results



model parameters

[mn=ﬂ. A=1127 MeV N =3, G =9.94 GeV :e]

-~

Pauli-Villars
regularization

zf‘ipz

m — m; = /m2+ a; A2
Ey(m) = \/m2+p2 +2p|Qy Bl
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T, mass and transverse velocity

meson mass:

1 — GIp (ks =m3,;, k* = 0) = 0 —> my, =0 T= Goldstone mode
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effective quark mass beyond mean field

_ 1 02\ 1 d2M
gap eq BMF: m(—+—)_0 _2G+%:

2G| 9m?2 2G’ om? mfnf
T s0——mm—m———————— T
_ eB=30m> :
090 _____. eB=40m? 400 | BN
o eB=50m> o N
_oss; S 300] order parameter
) 0.80 f----- % 200; Pauli-vVillars
eB=30m
073 [ T [1)] S eB=40
070l Pauli-villars . R eB=50m> .
(I} - ISIOI - II(IJOI - Ilfli()l - IZ(I}OI o U(] 50 100 150 200 250
T (MeV) T (MeV)
(1)G’/G<A, Gimi;B1t,m1;
meson weakens coupling. low T, m t with B, (MC):

(2)high T, G’ changes fast. high T, m { with B, (IMC);



chiral restoration phase transition
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Tc decreases with B; consistent with LQCD
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From IMC to MC
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Phase diagram beyond mean field
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IMC effect In
chiral and deconfinement phase transition



Polyakov-extended NJL model

L= 0 (D —mo) v+ 5 [(50) + (Fins7)’] — U(@. 8

DPL — C)M — EQ‘AEE\I — '?."-14#

magnetic field B =V x Agy = (0,0, B)

temporal gluon field A* = 65 A” with AY = gAY\, /2 = —i A4

Polyakov potential: U _ b (1) 7 OP — 5_3({1)3 H3) +
6

T4 2

ba
OP)?
e

Polyakov loop ® = (Tr.L) /N,
L(x) = Pexp [z f[jﬁ d’rle(x,’r)] = exp [ifAy] with 3 = 1/T
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critical temperature

chiral and deconfinement phase transition
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Summary

Inverse magnetic catalysis for chiral and
deconfinement phase transition in (P)NJL model

quantum fluctuations— “running” coupling G’(B,T)
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