
SOME EFFECTS IN MAGNETIZED QCD MATTER

WITHIN NJL MODEL

Jingyi Chao

Jiangxi Normal University

collaborated with L. Chang, M. Huang and Y.-X. Liu

August 5, 2023 @DLUT, Dalian



OUTLINE

 Motivations

 (Inverse) Magnetic Catalysis

 Masses of pseudo-scalar mesons

August 5, 2023 @DLUT, Dalian 1/25



WHY ELECTROMAGNETIC FIELDS

Heavy ion collisions create the strongest magnetic fields in the Labo-
ratory.

Different excited freedoms at different environments
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LOWEST LANDAU LEVEL

Free energy spectrum

E3+1
n (k3) = �

r
(2n+ 2s3 + 1)jeBj+ k23 +m2

s3 is the projection of the spin on
the B field and n = 0; 1; 2; ::: is the
orbital quantum number.

LLL approximation is valid in strong
eB-field with E3+1

0 (k3) = �jk3j for
light particles.

Z state in one dimension & spin in one direction
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LLL-DOMINANT PHENOMENA

State of the art & preliminary works in strongly interacting matter under
intensive magnetic field

 DIMENSION REDUCTION

 QCD phase diagram ® Gusynin et al.’96,’15

 first-principle calculations ® Bali et al.’12,’13

 instanton in magnetic fields ® Basar et al.’11,’12

 PARITY-ODD

 chiral magnetic effect (transfer spin � to momentum �)

® Fukushima et al.’08; Kharzeev’15

 chiral instability in magnestars and black holes

® Ohnishi et al.’14; Gorbar et al.’22

 axion electrodynamics ® Ferrer et al.’17,’18
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MODEL OF NAMBU–JONA-LASINO

○ low energy effective model with four-fermion contact interactions
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MODIFICATION OF THE GAP EQUATION WITH eB

○ gap equation in NJL model

M

2
644�
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GS
� �2 +M2 ln

M2

�2

3
75 = 0

○ nontrivial solution for

G > Gcr =
4�2

�2

○ gap equation for nonzero B

4�2

G
� �2 +M2 ln
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2
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2xf � 1
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lnxf

3
5 = 0

○ solution exists for G < Gcr
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Note: xf = M2
f=(2eB)
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MAGNETIC CATALYSIS

The infrared dynamics generates a linear-dependent quark mass even
at the weakest attractive interactions ® Gusynin, Miransky, and

Shovkovy, NPB 462(1996)249

® Bali, Bruckmann et al., PRD 86(2012)071502(R)
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PSEUDO-CRITICAL TEMPERATURE

Low energy effective models of QCD predict(ed) an increasing critical
temperature T�(B), but

® Bali, Bruckmann et al., JHEP 02(2012)044
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INVERSE MAGNETIC CATALYSIS

r magnetic inhibition

® Fukushima and Hidaka, PRL 110(2013)031601

r mass gap in large Nc limit

® Kojo and Su, PLB 720(2013)192

r contribution from sea quarks

® Bruckmann, Endrodi and Kovacs, JHEP 04(2013)112

r chirality imbalance

® Yu, Liu and Huang, PRD 90(2014)074009
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THERMAL EFFECT

�PT fit up to T = 100 MeV:

Chiral conden-
sates increase
as eB grows at
T � 120 MeV

Tpc shifts to lower
T as eB grows

® Bali, Bruckmann et al., PRD 86(2012)071502(R)
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CHIRAL CHEMICAL POTENTIAL UNDER eB

time evolution of n5: ® Khlebnikov

and Shaposhnikov, NPB

308(1988)885

@n5

@t
= (4Nf)

2�ss
T
�5

sphalerons diffusion rate:

® Basar and Kharzeev, PRD

85(2012)086012

�ss(eB; T ) = c1eBT
2 + c2T

4

chiral chemical potential:

�5 /
p
eB

® JC, Chu and Huang, PRD

88(2013)054009
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NAMBU-GOLDSTONE BOSON UNDER eB

○ There should be massless NG bosons created due to the number
of broken-symmetry generators.

○ Magnetic field modifies the SU(2) isospin symmetry; global chiral
symmetry UV (1)� UA(1) breaks down to UL+R(1).

○ Only the neutral pion is a Goldstone mode under B-field.

○ Another light pseudo-NG boson, the axion may appear in a very
strong magnetic field due to the UA(1).
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GOLDSTONE’S THEOREM IN 2-D

This is because if such a spontaneous symmetry breaking oc-
curred, then the corresponding Goldstone bosons, being massless,
would have an infrared divergent correlation function.

In turn, the fluctuations are strong enough to destroy the spontaneous symmetry
breaking.
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MERMIN-WAGNER-COLEMAN THEOREM

® Gusynin, Miransky and Shovkovy, NPB 462(1996)249
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LATTICE RESULTS OF NEUTRAL PION

Neutral pion monotonouslly decrease as the magnetic field grows and
then saturate at a nonzero value

left: ® Bali, Brandt et al., PRD 97(2018)034505

right: ® Ding, Li et al., PRD 104(2021)014505
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LET’S SPIN

Key observation: taking into account the spin effect
r p-wave r anomalous magnetic momentum
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p-WAVE COMPONENT IN CHARGED PIONS

tune the strength of p-wave form in Bethe-Salpeter amplitude
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solid line: ® Xing, JC, Chang and Liu, PRD 105(2022)114003
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dotted line: point-like particle
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ANOMALOUS MAGNETIC MOMENT: SOURCE AND SIGN

r Flavor blind � �0, coming
form the compensa-
tion of color interac-
tion ® Chang,

Liu and Roberts, PRL

106(2011)072001

r Charge dependent � qf ,
due to the fluctuations of
QED

r Or simply flavor depen-
dent � sign (qf) = �3
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ANISOTROPIC FOUR-FERMION INTERACTIONS

one-gluon exchange based four-fermion interactions
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differing gq;? will manifest themselves by considering four-point coupling in tensor
channel

® Ferrer, Incera et al., PRD 89(2014)085034
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DYNAMICAL AMM THROUGH THE TENSOR CHANNELS

AMM dynamically generated like dynamical mass

Lint = GS

"�
�  

�2
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+
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�2#

where GT � GS since GS � g2q + g2? and GS � g2q � g2?. The transverse �12 index is
chosen w.r.t. the magnetic field pointing in the z-direction. Note: a = 0; 3 for �a.

M � �GS

�
�  

�
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�
� �12�a 

�
:

The Dirac propagator is in the form of

~G(qf ; k) = exp
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IR-ENHANCED VEVS

The applied mean-field approximation is recognizing by the gap equations:

M �m

2 iGS
= TrG;

�

2 iGT
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�
�12G

�
;

TrG(k) = I1 + I2; sign(�)Tr
�
�12G(k)

�
= I1 + I3:

Solution exists while sign(�) = �sign(qf) and �a = ��3
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® JC and Yu-Xin Liu, PRD 107(2023)074038
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REVISITED DIMENSION REDUCTION IN 2-POINT

CORRELATION

Generalized polarization of the neutral pion
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® JC and Yu-Xin Liu, PRD 107(2023)074038
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POSSIBLE PION SUPERFLUID

In sum, the loop amplitude changes to

0
B@ 1� 2g�SS �2g�ST

�2g�TS 1� 2g�TT

1
CA = A+m2

�B

one gets the corresponding pole of meson as
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Z �cr ' mM
2 igI1

� igI1 �m

® JC and Yu-Xin Liu, PRD 107(2023)074038
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OUTLOOK: MAGNETIZED �

The modified energy of charged spin-1 particle:

E2
�(eB; sz = 0;�1) = p2z+(2n+1�gsz)eB+m2 g = 2 for point particles

Ø Lattice simulation shown that the polarized �-meson mass is de-
creased by the magnetic fields, and then saturated

left: ® Hidaka and Yamamoto, PRD 87(2013)094502

right: ® D’Elia, Maio et al., PoS ICHEP(2022)414
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OUTLOOK: FIRST-ORDER DECONFINEMENT

Ø first ever lattice evidence for first-order phase transition for QCD at
physical masses and physical parameters

Ø Model has to be implemented for very large Bc

left: ® Endrodi, JHEP 07(2015)173

right: ® D’Elia, Maio et al., PRD 105(2022)034511

Thank You for Your Attention!
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