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• NJL model and GL approach:


magnetic field led to a vacuum instability        superconductivity  

superconducting states signaled by condensation of charged  ρ-meson. 

• Vafa-Witten theorem and QCD inequality:


charged ρ-meson cannot condensate in QCD 

  

Motivation

!3

M. N. Chernodub Phys. Rev. Lett. 106, 142003 (2011)

Y. Hidaka and A.Yamamoto Phys. Rev. D 87, 094502 (2013)

M. N. Chernodub, Phys. Rev. D 82, 085011 (2010) 

m⇢± �
⇣
m⇡0

u
+m⇡0

d

⌘
/2

<latexit sha1_base64="adtCEttGblmg34NyUReY/AoEpSg="></latexit>



• lattice study using quenched Wilson fermion


mπ+ increases     as magnetic field increases 

mπ0 decreases     as magnetic field increases 

• full QCD with external magnetic field


inverse magnetic catalysis observed in 

Motivation
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• (2+1) flavor Dynamical HISQ fermion at T=0


• Lattice size: 323 x 96,  a -1 = 1.6852 GeV


• mπ = 230 MeV


•   

Lattice Setup
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qB = a�2 2⇡Nb

NxNy
with

⇢
0  Nb  NxNy
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( 0< |eB| ≲ 3 GeV2 )



Correlator
take      and      as example
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• Correlators:
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u
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• Staggered correlators:

          is the phase factor characterizing Dirac and flavor index of staggered fermion⇣(~n)
<latexit sha1_base64="EAMopDP4X0M/igabY+g8+Tubt0g=">AAAB9XicbVDLSgNBEJyNrxhfUY9ehgQhIoTdeNBj0IvHCOYB2TXMTnqTIbOzy8xsJC75Cw9ePCji1X/xlr9x8jhoYkFDUdVNd5cfc6a0bU+szNr6xuZWdju3s7u3f5A/PGqoKJEU6jTikWz5RAFnAuqaaQ6tWAIJfQ5Nf3Az9ZtDkIpF4l6PYvBC0hMsYJRoIz24T6BJyR0CTcX4rJMv2mV7BrxKnAUpVgvu+fOkOqp18t9uN6JJCEJTTpRqO3asvZRIzSiHcc5NFMSEDkgP2oYKEoLy0tnVY3xqlC4OImlKaDxTf0+kJFRqFPqmMyS6r5a9qfif1050cOWlTMSJBkHni4KEYx3haQS4yyRQzUeGECqZuRXTPpGEahNUzoTgLL+8ShqVsnNRrtyZNK7RHFl0ggqohBx0iaroFtVQHVEk0Qt6Q+/Wo/VqfVif89aMtZg5Rn9gff0Ad52Vdg==</latexit>

disconnected part

connected part
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Reduction of noise ratio

➡ corner wall source : source at the origin 
of every 24 cube on  particular time slice 
(improved the quality of signal by around 
20% compared to single point source) 

➡ multiple corner wall sources : put 12 
sources at (0,0,0,0) , (0,0,0,8), 
(0,0,0,16)... (0,0,0,88) 

➡ improved the signal around                      
times better than the single corner 
wall source 

�(G(⌧)⇡u)

hG(⌧)⇡ui
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noise / signal

• point, corner wall, multiple corner wall sources



Neutral Pseudo-scalar Correlators
(take      as example)
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             increases as the magnetic field grows 

ground state effective mass tends to decrease as magnetic field grows

G(⌧)⇡0
u
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Correlator Fitting
with (# of non-oscillating states, # of oscillating states)
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fit ansatz for different number of states

select the fit with lowest AICc  

use Gaussian bootstrapping to estimate final value and error

Gfit (n⌧ ) =
Ns,noX

i=1

Ano,i exp (�mno,in⌧ )� (�1)n⌧

Ns,oscX

i=0

Aosc,i exp (�mosc,in⌧ )
<latexit sha1_base64="IWASNOeKzYwpw/lVOO9mNgfKYrU="></latexit>

Akaike 1974  Cavanaugh 1997
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Summary of Neutral PS Particle Mass

Neutral PS particles' masses decrease as eB grows 

Neutral PS particles' masses saturate at large eB 

the lighter quark has stronger influence of eB
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Neutral Pseudo-scalar Particle Mass

stout & quenched: Bali et al., PHYS. REV. D 97, 034505 (2018) 

general tendency agreed with each other 

quark loop contribution

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

-0.5  0  0.5  1  1.5  2  2.5  3  3.5

m
 / 

m
(B

=0
)

eB (GeV2)

mπ=230MeV          HISQ π
0
u

mπ=135MeV      dyn. stout π
0
u

mπ=415MeV quenched Wilson π
0
u



!13

non-monotonous behavior  

fit correlator instead of mass plateau

m⇡±
<latexit sha1_base64="Akxsg8u1meuOoXdKUYAvwhz85Cw=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2Ae0Y8mkmTY0yYxJplCG+Q43LhRx68e4829M21lo64F7OZxzL7k5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRS0eJIrRJIh6pToA15UzSpmGG006sKBYBp+1gfDvz2xOqNIvkg5nG1Bd4KFnICDZW8kU/7cXs0TaRZf1yxa26c6BV4uWkAjka/fJXbxCRRFBpCMdadz03Nn6KlWGE06zUSzSNMRnjIe1aKrGg2k/nR2fozCoDFEbKljRorv7eSLHQeioCOymwGellbyb+53UTE177KZNxYqgki4fChCMToVkCaMAUJYZPLcFEMXsrIiOsMDE2p5INwVv+8ipp1areRbV2f1mp3+RxFOEETuEcPLiCOtxBA5pA4Ame4RXenInz4rw7H4vRgpPvHMMfOJ8/b92SiA==</latexit>

400

500

600

700

800

900

1000

 0  5  10  15  20  25  30  35  40  45
m

 (M
eV

)

nτ

Nb=4

Nb=8

Nb=16

Nb=24

Nb=32

Nb=48

Nb=64

Charged Pseudo-scalar Correlators

0.000001

0.000010

0.000100

0.001000

0.010000

0.100000

1.000000

 0  10  20  30  40  50  60  70  80  90  100
τ

Nb=4
Nb=8
Nb=16
Nb=24
Nb=32
Nb=48
Nb=64

G (n⌧ ) ⇡ Ano exp (�mnon⌧ )� (�1)n⌧Aosc exp (�moscn⌧ )
<latexit sha1_base64="CsAcY+9SOvDoVtRn74KgubPTJDY="></latexit>

n⌧
<latexit sha1_base64="XWUMzIDCrS9kpq0Wu+x/BzLoCVU=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2illur3kKb9csWtunOQVeLlpAI5Gv3yV28QszTiCpmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LVU04sbP5tdOyZlVBiSMtS2FZK7+nshoZMwkCmxnRHFklr2Z+J/XTTG89jOhkhS5YotFYSoJxmT2OhkIzRnKiSWUaWFvJWxENWVoAyrZELzll1dJq1b1Lqq1+8tK/SaPowgncArn4MEV1OEOGtAEBo/wDK/w5sTOi/PufCxaC04+cwx/4Hz+AKa2jy0=</latexit>

G(n⌧ )⇡±(B 6= 0)

G(n⌧ )⇡±(B = 0)
<latexit sha1_base64="2GyoWLwiGaljVtinD0gyYx/wUbE=">AAACLXicdVDLSsNAFJ34rPUVdelmsAjtpiRV0I1QqqDLCvYBTQ2T6aQdOpnEmYlQQn7Ijb8igouKuPU3nLZZaKsHBg7nnMude7yIUaksa2wsLa+srq3nNvKbW9s7u+beflOGscCkgUMWiraHJGGUk4aiipF2JAgKPEZa3vBy4rceiZA05HdqFJFugPqc+hQjpSXXvHJ8gXByXeSuo1BcchMnovcJdKIgTYs16HDyAK1S+m/iQpuuWbDK1hRwkdgZKYAMddd8dXohjgPCFWZIyo5tRaqbIKEoZiTNO7EkEcJD1CcdTTkKiOwm02tTeKyVHvRDoR9XcKr+nEhQIOUo8HQyQGog572J+JfXiZV/3k0oj2JFOJ4t8mMGVQgn1cEeFQQrNtIEYUH1XyEeIF2f0gXndQn2/MmLpFkp2yflyu1poVrL6siBQ3AEisAGZ6AKbkAdNAAGT+AFjMG78Wy8GR/G5yy6ZGQzB+AXjK9vJqanbg==</latexit>



!14

non-monotonous behavior  

fit correlator instead of mass plateau

Charged Pseudo-scalar Correlators
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n⌧
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Charged Pseudo-scalar Particle Mass
LLL approx : E2 = p2

z + 2n |qB | + m2

In very small eB regime, the mass of charged PS particle roughly agreed 
with the mesonic LLL approximation. 

As magnetic field grows larger, the mass of charged PS particle start 
decreasing.

m2
π±(B) = m2

π±(B = 0) + eB
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ρ-meson condensation

m⇢± �
⇣
m⇡0

u
+m⇡0

d

⌘
/2

<latexit sha1_base64="adtCEttGblmg34NyUReY/AoEpSg="></latexit>

• QCD inequality

no ρ-meson condensation observed
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‣ Try Z(2) Wall source to further improve the signal. 

‣ Investigate vector particle masses and mixing of π and ρ.

Masses of neutral pseudo-scalar particles decrease as the magnetic field grows but 
saturate at large eB.

➡ Neutral particles interact with magnetic field.

Charged PS particle showed non-monotonous behavior as eB increases.

According to the mass relation between       - meson with       and       ,        meson 
cannot condensate. 

➡ Superconductivity was not observed in current simulations.

Summary and Outlook
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Phase factor       for staggered fermion
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⇣(~n)
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          is the phase factor characterized Dirac and flavor index 
of staggered fermion
⇣(~n)
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