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§1 Introduction

Strong Magnetic Fields

» Early Universe:
B~ 10"°Tor veB ~ 1GeV

» Compact dense stars, such as magnetars:
B~ 10T orveB ~ 1 MeV

» Heavy-ion collisions in very strong laser pulses
(experiments as PHELIX at GSl and ELLI)
B~ 10’ Tor veB ~ 0.01 MeV

» Noncentral heavy-ion collisions:
B~ 10" Tor veB~ 10MeV...300MeV

Star Collaboration RHIC in BNL PRL 103, 251601 (09) , PRC81, 054908 (10)

spontaneous spin polarization above critical density




How to keep the Strong Magnetic Field

Magnetor : Neutron-Star
with Strong Magnetic Field ~ 10" Gauss

Normal Neutron Star ~ 10'“ Gauss

the mechanism of this strong magnetic field?

One Possible Candidate Spin-Polarization Matter
T. Tatsumi, Phys. Lett. B489 (2000) 280.

Quark Matter
Vector-Vector (One-Photon, One-Gluon Exchange)

Fock Term = — o'c = spin-alignment



History

T. Tastumi, PL. B489, 280 (2000)
One-Gluon Exchange Force = AV-Type Spin-Spin interaction

T.M & T.Tatsumi, Nucl. Phys. A693, 710
Perturbative Calculation AV & Tensor in Nuclear Matter in RMF

—

E. Nakano, T.M., T. Tatsumi, Phys. Rev. D68, 105001 (2003).
Spin polarization and color superconductivity in quark matter

E.Nakano and T. Tatsumi, Phys. Rev. D71 (2005) 114006. il
Dual Chiral Density Wave (DCDW)

T. Tatsumi and K. Sato, Phys. Lett. B663 (2008) 322.
Fermi Liquid Theory in Quark Matter —

T. M., E. Nakano, T. Tatsumi,
Horizons in World Physics. Vol.276, p209 ,((2011)

Review Tensor Type Spin Polarization

Y. Tsue, J. de. Providencia, C. Providencia and M. Yamamura,
PTP 128, p 507 (2012).
Tensor Spin-Polarization with Zero Mass Quark

AV-Force in
Quark Matter



§2 Spontaneous Spin Polarization
in Relativistic Mean-Field Approach

| TS0
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Ly o)
W ||+ [l L sy bt - by,
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Spin-Spin Int. 6:6 (NR) = 6'G(AV) Bafo (Tensor)




Relativistic Hartree-Fock <« o, w. n
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Two Type Spin-Forces

Two Body Forces : Zero-Range approx. D,y (q) = %@
G 4 Gr
ET = &g + 7,034’7[)]2"
Axial Vector = d4p =
pa = 7 Ir{Sp(P)s7°} = pp <X, >
Density (2m)
eree Deneie B d*p _
ensor Density pr = (2 )4TT{SD(p)012} = pB < 5Ez >
T
Mean-Fields U, = G4ps |, Ur = Grpr.

Dirac Equation

hspu(p,s) = [oc- p+m~+2Us+ BEUr|u(p,s) = e(p,s)u(p,s),



Single Particle Energy
(P65 — E)* = 2p3(Uf +Ur) — 8pomUsUr — 2m* (Uj + U)

+(U; —Uzp)* —=2(U; —Up)(p; —p7) = 0.

AV density and T-density
&k = s))1e(p,s) —Usps —Urpr},
s==+1
ps = Ug(&* +m” —Uj + Ui+ p? — p7) +2mUre
4 ! 3 ’ e(e? —m? —p?— U7 —U2) —2mUyUr

pr = Z/d3 )UT(ez+m2+UA Ut — p; +p#) +2mUye
p— e(e? —m? —p? — Ui — Uf) —2mUyUr



§2-1 Perturbative Calculation ||Uy|~ |Ur| <1

. . Up
Single Particle Energy e(p,s) = Ep+ L,

. u(p,su(p,s) = lim 0o—e(p,s))S
D]l:ac (p,s)u(p,s) poselps) (p (p,s))S(p)
SPINOE - (prm) | UiASu+UrASr _ (pm)(1 +sysiy)

AE, 8sE,Up AE,
Usr/p? + m*as+ Ury/py +m?a
ay — A\/ P A ' T/ P T—m=ar
‘ 0
a; = EPpZ : m25+P:P
‘ m\/pz+m? m\/p2+m? | For Maximum < Xz >

_ P: ) E, R
aT = ’ z °
\/P%~ + m? \/ P2+ m? For Maximum < f3Xz >



we rewrite that Uy — A4 and Uy — Ap
AV & T-densit
N o = —%kFEF (1 — %V%)
P4 = /IAJM + A'7“‘%7
9——&16 E (l—lvz)
pr = MA+Ar T e 3"
Na
vi = ki /Ep with Ep = 4 /k,z, + m? X = _pmkF
Energy Variation in NR limit &k, <<m
Ny m2 G4+ Gr Ny 3

Ae = Aex + €sp

Nd m2

Q

7'L'2 kF

;E(AA +)~T)2 {Wl-l—

2 p2tr

Spontaneous Spin-Polarization occurs it G ,+G, <0

g

2 —(u+ A7) {m+3(G4+Gr)ps} .



Energy Variation in Ultra Relativistic limit, k;>>m

Ny G4 2Gr
Ae =~ —kp[Aj+A7(1+v NZkEAG + == NikpA7
2 RF A+ T(+F)]+187_L_4 Fha T o g NakrAT
Ny 12 G4 2Nd Gr
~ —k (1 N7 ki | 1 Nk
n2F(+187r2d ) 2 F(+9 ¢
ItG,<0<G,, AV-Type Spin Polarization
pr—0, p, :finite, Weak Magnetic Field
If G,<0<G,, Tensor-Type Spin Polarization
pr— 0, p,:finite Strong Magnetic Field

u(p,s)u(p,s) =

(ﬁ+m)(1+S75¢?).

4E,

= Same Conclusion in any A



§2-2 AV-Type & T-Type Spin Polarization
Single Particle Energy

When U; =0, e(p,s)= \/(‘\/m2+p;2_+SUA)2+p2T. = \/Eg-l-QSUM/mQ-}—p%%-Uj.

When U, =0, e(p,s)= \/(-\/mz—}—p%—i—sUT)z—l-p?. = '\/EI%—I—2SUT-\/mz—I-p%+U%.

Tensor :

pz (-)pT
exchange




—(Z;)/Ng (p-— ps) / ps
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AV-Type Spin-Polarization

_<Zz>/Nq

When the quark mass

approaches to zero,
Spin-Polarization

rapidly disappears.
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T-Type Spin Polarization

Even when the quark mass
approaches to zero,
Spin-Polarization

does not rapidly disappear.

m? Gy=-0.04
— — m? Gy=-0.0064
m? Gy=-0.01

m=0.02 My




d’ on(E 2 2 E? _ Zz+m2
U, < 1 0, =2NU, [2L (E,) p2+m Loce B (p
7 2x)’ | oE E4 P I
U, < 1 g

N E? +2m’ E; +2m’ +E
z”_;,Uﬁ_pF( S )+1pF( F )‘mzln(T)ﬂ}sz(S)wA(C)

d’p |9n(E,) p;+m’ p.
27) | OE E’ "E’

N n n

Pr zzUTNdf(

U, p-QEF +m*) ||| po(Er +2m*) m® | [ p.+E

~ 2T N J_L£F F rF\F _ Inl ££ F ~ S) + C
”2 d 3EF 6EF 2 ( m ) IOT( ) IOT( )
Par1(S) : contr. from Fermi Surface Variation of Fermi Level

Pa.1 (C) : contr. from Core of Fermi Distr. Change of Dirac Spinor

¥
non.rela limit, p,/U,~p, /U, =p,(S)/U,=p.(S)/U, ~N,mp,|x’

Ultra-Relativistic limit

pg > m

AV- Type p,(S) and p,(C) are cancelled each other




AV density

T density

- 3 2 2 2
~20r [ {an(Ep) “E +n<Ep>&}

Mass Z.ero Limit
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No Spin-
Polarization



Phase-Diagram between Paramag. and Ferromag.

G
Fy(U,) = Upb-l  b=AT FU)—-1, U, =

b

F,(U, =0)>0 : a condition of Spontaneous Spin-Polarization

pe/m

1 O | | | | [ |

8 K —— AV ~ Large Mass
- - = = Tensor | N

6 _

4 __ __ Small Mass
i _ T>A4V

2 - =

0 | | | | | | -




§2-3 Spin-Polarization in NJL model

Spin-Polarization Phase below Chiral Restoration Density
— e

NJL with AV-Int. E. Nakano D-Thesis, (S.Maedan PTP118, 729 (2008)
400 200
300} zzz_
250} ss0l
= 200¢ = 200}
150} 1s0f .
100] o Spin-Polar.
) 350 400 450 500 7 : : : : : ‘ appears
chemical potential 0 c4hoe(1)nica]il51(>)otenioi(;l > 700 Only in
very small
density region
60} * ’
54
B! 60
40f sl
ﬂ 20}
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chemical potential . . s s s .
350 400 450 500 550 600
chemical potential
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§3 NJL model with T-int.

Lagrangian L=Lx+L,+Lr
SU(2) Chiral Symmetry

G _
Ls = = [(90)° = ()],
G _ _
Lr = ——= (o) (o) + (Pirayso,ud) (Dirac 159)] |

SU(2) chiral Symmetry UA(l) symmetry is impossible

: Iso-Scalar Spin-Polarization

same spin-direction of u- and d- quarks

G; >0\ : Iso-Vector Spin-Polarization

opposite spin-direction of u- and d- quarks

This Time




Tensor Type Spin Polarization (SP) Phase

Dirac Eq. [p— My — UrE.]u(p,s) =0
Mean M, = Gsps = Gs <y >,
field Ur = Grpr = Gr <93¢ > —Gr < PX.7,9) > 75,
Gsps Grpr
1 — — 07 1 — — O,
Hartree Eq. M, U

e(p,s) = \/(\ [m? + p3 + sUr)? + p2. = \/Elz, +2sUry\/m2 + p3. + Uz

Fermi Distribution is Oblately Deformed (AV -> Prolate)

T = <fo,>: maximum AV= <0, > : maximum

T-SP increases Magnetic Field



Quark Propagator
p— M, —UrS)Sw) =1 S(p) = Sp(p) + Sp(p)
[t + My + B0 {p? — M7 + Uz + 20Uz (p2957° — povsy®) }
p3 — e2(p,1) + i8] [pE — e2(p, —1) + 0] ’

p-57° — povsy?) + sUr
\/ P} + M2

S
Sp(p) = > [’yoev-p+Mq+ZzUT]{1+ (
s==1

2e(p; )
Density
3 Ps = N/ p Tr [iS(p)]
o= N Y [ gtler —etm) ) emf |
s==+1 d
PT — Nd/ (27TZ))4TT [ZZZS(p)]



Vacuum Polarization
Proper Time Regularization

Energy Denominator

D(p) = D+(p)D-(p) = [p5 — &*(p,+1)][p5 — ¢* (P, —1)]

= (P%—Pz—Mé—U%—2UT\/p2T—I—M§> (p%—pz—Mg—U%+2UTw/p2T+Mg)

Thermo Dynamical Potential in Proper Time Regularization

' d4 d4 N | _ d4 © d .
Quae = iA[d/ P4 ln[D(p)] = I'z\"'d/ P / _Tefl).(ﬁ) I']Vd/ p / rerl) (p)
(27) (2m)* Sy < (2m)* e T

_ dz/fﬁ/dm ot|-F- P~ (/M +sUr)?)

dF»-r-e ’/+v(1).
SK'Z/I,A 72 e

Vacuum Parts of N O o 98vac
Scalar and
Tensor Densities




Scalar Density  #s=rs(V)+p:(D)

s==+1

. Mq SUT )
= Na Z /( e(p, s) (1+ \/M) Medium Part

Vacuum Part

NdMqZ T AT (M+sUT)?
Proper Time Appr.

pS( - 87'('2 /A2 ’7'2

\/p% + M2 + Uy
e(p, s) |

Tensor Density . _ 87r2 Z / d3p n(p, s

s==+1

Strong Cut-Off and Regularization Dependence
Energy Cut-Off, Proper-Time disturb Spin-Polarization (SP)
Momentum Cut-Off, Effective Potential Method support SP

Ignoring Vacuum Parts of T-Density in this work




Dynamical Quark Mass in Spin-Saturated System

PM1 (GgA? = 6,A = 850 MeV)
Parameters .
PM2 (GgA* = 6.35, A = 660.37 MeV)
Zero Current Mass m =0
E. Nakano and T. Tatsumi, PR D71, 114006 (05).




Phase-Transition

1.0 -

Parameters N
. 0.5 PM1 —

PM1 (GgA? = 6,A = 850 MeV) 9: i -]
W 0.0 :_ ———S-====Z_ —— oo -- N ::_E

PM2 (GgA* = 6.35, A = 660.37 MeV) : Py ]
B N P ~. i

05F ~_ . ~

Zero Current Mass m=10 =

E. Nakano and T. Tatsumi, PR D71, 114006 (05). .
S E

Hartree B Grpr W _ o =
Equation Fr(Ur) =1 Ur 0. ]
Fr(Ur) — 1 when Up — 1
§Z -

Spontaneous SP Fr(0) < 0 ~ ]
Condition = |

(@)

2T 2 EF — PF

GtN, M? E
1+ TQd{pFEF—i— qln<F+pF>}§0



Results of PM1




Results of PM2

T I T I T I T I T I T I T I T I T I T I T I T I

(C) GT= 1.2 Gs

2 3 4 4
pa/ po
Two Kinds of SP phase

Chiral Breaking SP Phase (M #0) 15t Order Transition ?
Chiral Restoring SP Phase (M =0)



1.0 .

PM1 and G = —1.2Gg

0.5

Fr (U

0.0




| | T I T
Chiral Breaking SP

Critical Density
of SP phase 1

M=0 (a)

psc/ Po

Critical Density of
Chiral Phase Transition

in Spin-Saturated Phase 10 20 30 40

psc/ Po
o &) o
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1) T-Types
Chiral Broken Spin-Polarization (CBSP) (M, > 0)
Chiral Restoring Spin-Polarzation (CRSP) (M, = 0)

2) CRSPIZAT NS
CBSPIFFRLMEE ERD EESDH

3) RILEETHEANFELISD = 1REELBD AR

4) CBSP IZ&YChiral Brokent @A &KYEZFEEETLMNS




§4 Vacuum Polarization of Tensor Field

Cut-Off Formula of Momentum Distribution in Dirac Sea

d'p  pi+M —Ui+pr—p;
(2m)* [p3 — €2 (p,+1)][(pE — €*(p,—1)]

pr = —4iNdUT/

d3 S\/pz—l—M2+UT
pr(D) = NdZ/ o d

(2ﬂ)3®[€F—€(p,S)] e(p,s)

#p )s,/p%+M2+UT

pPr V — _Nd / ny\p,s
) =N 2, | Gapmd )

)

Opposite Sign Vacuum Momentum-Distribution

Energy Cut-Off : n,(p,s) = O[A, — e(p,s)]

pr(D) < 0 < pr(V)



Momentum Cut-Off : n,(p,s) = O(A, — |p|)

N Bp s\ PrHM+Ur Ay 3 s(Ep +sU
prr) = N 3 [T EE =Ny 3, [l )
s==+1

SJo (2r)’ e(p,s) (2m)3 Ep\/1+2sET(EJ§+U%
A &Pp s(Er+sUr) sErUr Ao dPp (p?
~ —NdS_ZiIA (277:)3 Ep I — El% ~ —2NdUT/O (27T)3E_g < 0.
when Up<<1 | Relativistic
pT(V) <0 Order
State Number = p; >0
Dirac Spinor = p; <0 A,, > pr(V)
Energy Cut-Off — U, A’
Cut-Off Infinite Limit Mom. Cut-Off — —U, A
Which effect is larger?

Note : p;y #0 even when m =0 in Momentum Cut-Off




Proper Time Regularization

pr(V) = 3A /M_UT dETFy A2 +52Urh ZF2 A2 Fa(w) =2 | T—Ze_r

LN J
“

{A2UT + (M2UT — _UT) In

P B M, + U 1 5

Surface Area | _Z s3] ¢ " T “M2U- — U3
3 qn(Mq—UT) LR )

4
= M Up — —UT}

A2
M3 — Uf|

Na
~ 4r2?

’ E o AZ
{A2UT + (M7Ur — —UTﬁ In — M2

o - :‘* ______ é' amn®
' Infinite term I

in Usual Renormalization
Q = Qvac - Qcounter

2 4 4

Q, Q, 2
2 - X = finite, J L = finite, 82 : - = finite,
U U, dUroM




Condition of Spontaneous Spin-Polarization

M,Gr [® d G M? [(E
14+ 4 T/ T —TM2(1+2M2 )Z{pFEFJrqu( F‘|‘pF)}<O.

42 Jime 72 271 2 Er — pr
z 2
i A 21 When M, = 0,
‘}_ 2.: Gr

Too Strong Cut-Off Dependence

Surface Area

_of Dirac Sea | Surface Area of Dirac Sea must be

removed by Renormalization

In Scalar Density, A is determined from M

Vacuum Contribution < Physical Quantity

Renormalization




Related Physical Quantity — Magnetic Susceptibility y,,

Lattice QCD — y,;, <0 G.S.Bali, et al, PRD 86, 094512 (2012)

= Negative Spin Susceptibility
0€2 0,0,

vac — <O

oU. U,

Renormalizaion is needed

QR = (2 (UTan)_QC

vac




Renormalization of the Vacuum Polarization

1
Qr = Qyac — §5TU12% ,OT(R) — pT(V) — ﬁTUT.

0°Q,
U

Problem: Infrared divergence

R1) 0 when M =0 (Chiral Restoring Phase)

indep. of Cut-Off and Regularization
Q. 9'Q,
U UM

— 0 whean%O

°Q,
U

R2) =0 when M, =M, (Vacuum)



Fr(0)

1.0

Phase Transition

PM1,

GT/GS - —12

no VC
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Vacuum Contribution

HZ{FEEILCBSPE%
EXEFTRESES

R1 CBSP1HER#5%
=3 EA
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TR E TDirac SeaD REAFBICHHITHIENBENLTLES
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AVEIZEARIBTIIBREA N
N A
pa(V) = W—gUAM(?ln (M)
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§5 Summary

NJL model with Scalar and Tensor Interaction

Spontaneous Spin-Polarization and Chiral Resoraion

T-Type Spin Polarization Phases
Chiral Breaking SP Phase (M #0) when the coupling —G 1s large
Chiral Restoring SP Phase (M = 0) with any G

G; < 0 : Iso-Scalar Spin-Polarization

G; >0 : Iso-Vector Spin-Polarization

Future Problem
1) Vacuum Polarization = Exact Renormalization ex. Linear Sigma Model
2) Current Quark Mass
3) Hybrid SP phase with AV and T interaction



§6 AV & T Hybrid SP Phase in Mass Zero Quark
Single Particle Energy when M =0

(Po—p°)* —2(ps —p”) (Ui +Uz) — 4p;U; — 4p7Uz + (U — Uz)* = 0.

& = p? + (U3 +U3) +25\/ p2U3 + pRUR + U3UR.

Energy Minimum Point when s = -1

p.==U, p, =0 whenU,|>[U,;|  AV-Type
pr==xU,, p,=0when|U,|<|U;|  T—Type

U, or U; plays a role of Mass
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x /b
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d3

d3

d3

d3

~

Py
_)

,5))

,5))

,5))

(e(p,s))

Uy(e* +m* —U; + Uz + p; — py)
e(e? — 2—U2—U2)

Uy [p +U2+U2+2s\/p2U2+pTU%+U2U2 Ui+ Ui+ p?—

e |U3+Up — Uj = Up + 25y pU3 + pU3 + U3 U3

sUy [pz + U2 +S\/p2U2 + piUZ + UjUﬂ

\/p2U2 +p7U7 + UUz

Ur(e* +U; — Uz — p? +p7)
e(e? — 2—U2—U2) '

SUT P} + U3 +5y/ 203+ P3UR + U3 U3

e/ PRU3 +PRUR + U3

(2.34)



