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@ Intriguing phenomena in strong magnetic field
€ NPSF and VSC in two-flavor NJL model

€ NPSF and VSC in three-flavor NJL model

€4 Summary and prospective
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Recent focus: T — u phase diagram

Early Universe The Phases of QCD

[ J
! Future LHC Experiments REVIEW

® Crossover at low chemical potential:

T .~155MeV-LQCD; ( H. Ding’s talk)
® First-order chiral transition at moderate
chemical potential — effective theories;
® (ritical end point is now a hot topic —BES II.

(M. Huang, W, Fu, X. Luo and D. Li’s talk)
® In neutron stars, high isospin density might

Chtical Point

/‘

Hadron Gas

Superconductor

/ be involved — charged pion superfluidity.

- Vacuum Matter ‘&’u!ron Slarrs’

900 MeV
Baryon Chemical Potential
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“Sign puzzie’ H. Li’s talk
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Intriguing phenomena in strong magnetic field

Vacuum superconductivity of QCD at eB = m2.

0.8f -
2 0.6}
= % Positive charged
;, © 04 1p meson with spin
3 S Parallel to B.
0.2 1
: | 0.0 0.2 0.4 0.6 0.8
eB (Gev2) eB [GeV?] Vortex structure,
G. Bali, et al., JHEP 1202 (2012) 044; similartow =,

Phys.Rev. D86 (2012) 071502(R).

(1) AtT = 0, X increases with B; around T,
X decreases with B; MeV 1

(2) T, monotonically decreases with B 5
(Inverse magnetic catalysis effect). /

M. N. Chernodub, Phys. Rev. D 82, 085011 (2010). *1, fm v

2019/8/20 @Hubei Minzu University 5



Vafa-Witten theorem and Lattice QCD results

Wikipedia: vector-like global symmetry such as isospin and baryon number in
vector-like gauge theories like QCD cannot be spontanteously broken
as long as the theta angle is zero. (VW theorem)
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= £ 084 :
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Y. Hidaka and A. Yamamoto, PRD 87, 094502 (2013). G. Bali, et al., PRD 97, 034505 (2018).
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NPSF and VSC in two-flavor NJL model

Lagrangian: £ =1 (i) —mo) Y + Gs {(@z/;)z + (@z‘fym-w)g}
~Gv | (77 9)” + (i s7)’]

Vector interaction

Hubbard-Stratonovich ~ = ¥ [HD —mo — 0 —iys (a7 + Tf”i)] e
Transformation: 02_|_(W0)2_|_7T:F7Ti . (wu)2_|_ (pﬁ)%pjpi _|_(Aap,)2
4G g 4Gy ’
f)uz 0, + Z-(QAM—CUM—TngM—Tj:p:tM—’i’}’g)TaAi),
A, = (0,0, —Bz1,0) -

. e—’i,qs fa;y A-dx i
Meson spectra: Dgd(y, @) = — 2Gs y, Ol dls
4 .
e~ iav JY A-dmg i [g — dla‘g(Guﬂ Gd)}
-1 x v
DVHVV (y,2) = 2Gy =+ ETI" GT'v+GT'v,, Quark propagator

VertlceS: [FO'/O'* — _15 FWO/WO* - _7:757_3: Fﬂ'j: - _i757_:i:a F‘Du/‘DZ - fylzl«t’ FﬁOu/ﬁSH = ”72:7'37 Fﬁ:tu = ,?l:itTi’]
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Intuition in lowest Landau level approximation

. 3 - Ne 2k leB)|
GL expansion  —Dron(0) = / 22 k2 £ m2’
coefficients: D1 1 2k |eB]
D555 (0) = / (27)2 k2 + m?’

Discussions

1) GLECs both decrease with magnetic field thus favor mass reductions for small B,
where quark mass is almost a constant;

2) p meson mass decreases more quickly with a larger coefficient in front of B;

3) Magnetic catalysis effect (MCE) gives —D;o,0(0) = 54—, thus disfavors NPSF;

4) Both u and d quarks are involved in single polarization loop for rho meson, thus
more sensitive to mass splitting.
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For vanishing B, only four-momentum cutoff

gives the correct signs around the poles Lack of confinement
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: _ 1) MCE disfavors NPSF (consistent with P. Zhuang,
ozf ] M. Huang and S. Mao results) and delays VSC

: _ (inconsistent with M. Huang’s results),
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H. Liu, L. Yu and M. Huang, PRD91, 014017 (2015).
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NPSF and VSC in three-flavor NJL model
8
ian: Lxon =YD —mo)y +Gs ) | + (PivsA®)?] 1M The difference is not s quark
Lagrangian: ANiL 0 3;

+L6 = Gy | (57 r0)” + (Pin"ys7)’]
Vector interaction

Le=—K Z DetypI¢) [t' Hooft determinant}
s=+=

Reduced Four-fermion interaction theory:

8
Ll = VD —moY + > [Go(PAD) (PAE)+ G (PinsA*9) (irs \')]
a,b=0
G| (57 7°0) 4+ (P s )|

Coupling matrices:

K K K

G GS:F_ Z af, G11:G2 Gg?‘!:GS:EEO-S, Gj:él G GS:|:2 9G§6:G;:7:G5:E50u7
f=u,d,s
Gy = Gs F 5 (05 = 200 = 204), Gis = F—5 (205 —0u—0a), G5 = —V2G; = :F—(au—ad)
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Splitting MCE to quarks with different charges, which
disfavors VSC. Semi-quantitatively consistent with LQCD.
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Flavor mixings of pseudoscalar mesons,
no flavor separation
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Summary and prospective

® The fate of and in

strong are rechecked and compared within and
flavor NJL model;
® We found for the of 7" and masses in
region;

O never happens due to , gets delayed in 2f-NJL model and
is in 3f-NJL model due to ;

® Extension to system with and -

similar to charged pion.

Thanks!
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Backup I: Vacuum regularization for p meson

) 1 reg 44 eB m2—|—k4(k4 —|—p4)+k§
Do = EJ’Aﬂpipl SN/ ( k2+52) (k2+E2)[(ks + pa)*+ B

1

B
— Hﬁi“ 5y (p4) Hﬁgp;r) (p4)

N [ds (m2tutu-p? 1 [1+tanh B: ™ ][1—tanh BS ™|
Hotot - / fu e=s(m*Hutumpd) (20 2 gty p2 - d
[ Py P (p4) Car? ) s . 71( we * S ba tanh Bg"/Bg + tanh B~ /B3

o(B? ds (m
[H—&BB(IM)} 47T2 / du e”” A

Py P

p ) 11— B
=P (mz-i-— B u I)z) (1+ e 5)
S

4 2

The introduced regularization has no interplay with magnetic field B.

| Proper-time integral is ultraviolet divergent for p, = ipy with py > 2m,

Mathematical artifact

Solution: variable transfromation S (
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Backup Il: Landau-level presentations

Ultraviolet divergence can be eliminated by using Landau-level presentation:

Dn(QfB,k')
= — \q BI
Si(k) = —ie T Z k4+k§+m2 + 2n|¢B|’

Do(giB, k) = (m — Ky — Fs) [PiLn (\Zgl) —PLL, (éfkgl )] + Ak, + ko) Ly (éf;)

Polarization becomes:

e (m? + k3 o+ (ka + pa)ka) Ln Lo (o
1 pf +(B pa) = —32N, Z Z/ € ~ Tau Bl quJBI 5 ( B|) 5 (|QdB|)
(2m) (ks + pa)? + EB*) (k3 + EP7)

n=0n’=0

:_4NZZeB/dk3 [m +EBEd+k3@< 11 )]
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[Ef = \/k§—|—m2+2n|tu| Ef = \/k§+m2+2n’]quﬂ

o G S 2x 21 no ' L
— . s T TeaT ) : n k+k ~ Ik .k
=/ dz ¢~ (Rt ) Ln( . )Lﬂ’ (~—) > (n_ )(n’—k") ( k )(—2|qd|)k+1(—2|qu|)k !
0 |qU| ‘qdl k=0 k’=0

.M»—\
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Backup Il: equality between proper-time

and Landau-level presentations
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They are precisely consistent with each other

up to 2m,
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