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Introduction

Microscopic origin of the magnetic field in
compact stars

Inhomogeneous chiral phase and its magnetic
property

SSB in the presence of the magnetic field
+
Dimensional reduction



Strong magnetic field
In compact stars
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erromagnetsm or spontaneous spin polarization
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Magnetization in relativistic theories

U, =(T7s9), Axial-vector mean-field:

U; = <q7/o7/5VCI> Tensor mean-field:






Fock exchange interaction is responsible to
ferromagnetism in quark matter

9 i c.f. Ferromagnetism of itinerant
) ) electrons (Bloch,1929)
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Weakly first order

my=300 MeV, o=2.2
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Fig. 1. Plot of the energy density as a function of the polarization
parameter at »#, = 0.11m~ " and n,=0.2fm~*. The critical den-
sity is around 0.16fm =" in this case.

ny = O(0.1fm )

Magnetars as quark stars



Magnetic susceptibility by way of Fermi liquid theory

T.T. and K. Sato., Phys. Lett., B663 (2008) 322.

K. Sato, T.T.,Prog. Theor. Phys. Suppl. 174 (2008)
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spin susceptibility
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for spontaneous magnetization (ferromagnetism)

N,T,B=0
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Quasiparticle interaction: H; - Dirac magneton

fkg,q./;' = fksq +C sz — Infrared (IR) singularities
iIn QCD/QED
f°, f°cm—>0

Spin dep.
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usual Non Fermi-liquid
T2term effect

cf.-Specific heat C, =TInT (A. Ipp et al., PRD 69(2004)011901)
-Gap equation A =~ exp [—(7[2 +4)(N. -1 /16] exp(-37° /\/Eg)

(D.T. Son, PRD 59(1999)094019)

Full, =—
w/o dynamical SCr. m == = - -l' ~ o
s0r w/o static scr. —-—-= -

Woanyser. + -+ | Curie (critical) temperature
| | should be order of several

g Paramag. \ | tens (40-60) MeV.
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T.T. and K. Sato, Phys. Lett. B672(2009) 132.
K. Sato and T.T., Nucl. Phys. A826 (2009) 74.
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Remarks
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a chiral transition $
A(OI’ M ) —0 *E L Chiral transition
&

Hadron phase

FM?

Chiral order-parameter: 5|,
Compact stars
M =(gq)+i(givssq) = Aexp(it) € C 0 S ayon avemicas poiora vy
(M c R for <§I’}5T3q> = O) (B. Ruester)

: : CD phase diagram
Inhomogeneous chiral phases _CDPp :

In the vicinity of the chiral

transition: - _
CCP as Lifshitz point

. : . (T. Tatsumi and E. Nakano, hep-
Dual chiral density wave (1 VV): R
A =const..0d =q-r




ref. T.T. and E. Nakano, hep-ph/0408294
DCDW PRD71(2005)114006.

M. Sadzikowski and W.Broniowski,
PLB488 (2000)63.)

Dual Chiral Density Wave (DCDW)

(Y1) = Acosq-r
(Vi) = Asing-r,

ct RINATILIREE ——>

SN EHSIVATEVCIEINWAR (c.f. Overhauser)




Order Parameters at T=0
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surf

Relativistic heavy-ion collisions (high T)

cf. chiral magnetic effect (B ~ m?> ~107G(?), 10“G ~1MeV?)

(G. Basar, G.V. Dunne, D.E. Khazeev, PRL 104 (2010) 232301
“Chiral magnetic spirals”)

Electroweak phase transition in the early universe;.
B ~10*G(?)

Effects of the magnetic field for inhomogeneous phases




DCDW as an inhomogeneous chiral phase

Dirac Hamiltonian in the presence of the magnetic field as well as DCDW
What direction is most favorite ?

H, =a-P++°m—X,q/2, < CPT violating

H=(0,0,H) 1 q
P = —iV+eA with the Landau gauge, A = (0, Hx,0) A /
>
q,

after the Weinberg transformation.

cf qguantum Hall effect in graphene (E.v. Gorbar et al., Loe Temp. Phys. 34(2008) 790)
standard model extension (D. Colladay and V.A. Kostelecky, PRD 58 (1998) 116002.)

(dimensional reduction).
l.E. Frolov et al. (PRD 82(2010) 076002)

2
5\/(C«/m2+ p? +q/2) + 2eHn, n=12,.. (Landau levels)
eym?+p?4+q/2, n=0, (LLL)
prolate or oblate deformation

2
cf. B2 = 5\/(i\/ p; +m* +q/ 2) P of Fermi sea due to spin-orbit coupling
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phase diagram

De Haas-van Alphen effect
(D. Ebert et al., PRD 61
25005.
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In the large B limit, only LLL contribute, so that

1+3—> 1+1(complete)

2
Energy spectrum q/z+m

E,.=eJm°+p°+q/2, e==1
cf

E,. =cym?+[eB|(2n+a)+ p?, n=012,.., a==l
(the Landau levels)

q/2

__

This is exactly the same with NJL2 model in 1+1 dimension.

|




Some results:

(1) critical point is the Lifshitz point for kink crystal
(i) g=p for spiral crystal

(i) Spiral crystal is the most favorite configuration

08

massless

GN model

NJL2



Level crossing of the energy spectrum near the Fermi surface

Foyr T
| e i V cosgx

2V

aikx _, qikx 4 ai(kq)x

q| = 2k

HMF—ZATRTEMN

0 (G q=2kr




(G .
7 J(E-0)* -2
(cf BCS)

Energy spectrum

Ey=q+A ‘

> > . E,=qEJN+p?

Ey=¢g—=A ‘




the large B limit.

DCDW is the most favorite state

Coupling of B and DCDW

. (cf. Alfven wave)

y |
P

i
N guantized
éfp centers of LLL

B - Number of states
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M agn etic Catalysis V.P. Gusynin, V.A. Miransky, I.A. Shovkovy, PRL 73 (1994) 3499:

NPB 462 (1996) 249.

Epgza\/m2+\e8\(2n+a)+ p°, n=012,.., a=+1

(the Landau levels)

H—RITRDES (N<0) {K”
IR singularity

|

SSB in the presence of magnetic field,
Irrespective of the strength of the interaction
like Cooper instability




C F

G<Gc: “weak” coupling (ERMEAI)
G>Gc: "strong” coupling (=g kR)
Enhancement of SSB

N

3 300
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E 200 i See also

S H. Suganuma, T.T., Ann. Phys.208 (1991)
e - 470.
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|, m=2=dk (IR sigularity)

—_—> Non-trivial sol.

dN,
dE

m:_ =A° exp(—l/ 2VOG), v, =V~ — |eB| Ne

dyn

2
- 47




Remarks:

u#0

(almost model independent?)

Clarify the situation where the LLL is dominant,
where DCDW is realized:

thermal effect Iis also elucidated.
Compare DCDW with RKC (or more general)
solution.
Consider some implication of DCDW on
astrophysical phenomena, especially magnetic
phenomena;

thermal effect and elasticity are also important

Elucidate the relation with axial-anomaly
D.T. Son, M.A. Stephanov, PRD 77(2008)014021.



Summary and concluding remarks:

We have discussed two subjects about
magnetic properties of quark matter
and

More studies are needed about tensor mean-field.

Magnetic catalysis by Milansky et al should be
reexamined in the context of DCDW.

DCDW should be examined in the light of
pion condensation.

Phenomenological implications on compact stars:
strand structure, new cooling mechanism.
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FM at low density (Bloch, 1929)

(M) = const.




superconductivity

|

A(r) (non-uniform)

pp ph

a) FFLO superconductor

b) spiral magnet

unventional o f ']
A (A.J. Schofield, Physics 2(2009) 93.)

€) s-wave superconductor d) simple ferromagnet
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FIG. 1 (color online). The twisted kink crystal condensate of
(2.20), shown as the solid (red) curve. The (blue) skeleton
surface 1s shown just to illustrate the periodic amplitude modu-
lation and phase winding.
G.Basar and G.V.Dunne,

Twisted kink crystal condensate PRL 100(2008) 2004004;
PRD 78(2008) 065022.

————— A =2e™"

Spiral condensate
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Fig. 4. Left: Phase diagram in the chiral limit. The orange shaded region marks
the inhomogeneous regime. Right: Wave vector |§] (dashed line) and average
amplitude v/ (M?) (solid line) at T = 0 as functions of the quark chemical potential
lq- Adapted from Ref. [19].

reminiscent of nesting?
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FIG. 2 (color online). Left: Wave vector g (dashed lines) and average of constituent mass J{M{z)z} (solid lines) at vanishing
temperatures as function of quark chemical potential ., for M, = 250 MeV (black lines), M, = 300 MeV (red, dark grey lines lines)
and M, = 350 MeV (orange, light grey lines lines). Right: Same plot as on the right of Fig. 1, now including results for M, =
350 MeV (upper branch) and M, = 250 MeV (lower branch).
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A (uniform) < 0
g:;EI.B T
P
2 06 A(r) (non-uniform)
EUA

0.0 0.2 0.4 0.6
Central tube polarization
Spin-imbalance in a one-dimensional Fermi gas

;a;ném};:;-li:;nsﬂpmcc, Rittnier'*, Tobias Paprotta', Wenhui Li'-*, Guthrie B. Partridge't, Randall G. Hulet', Stefan K. Baur® Q L R O N eSti n g ?
(Nature 467(2010) 567.)

Crystalline structures of CSC

M.G. Alford, J.A. Bowers, K. Rajagopal,
PRD 63 (2001) 074016.

Central tube polarization




Consider the energy scale:

Hine = 113, fti = el /2m;e

For B = 10°G,

e P q
m; MeV] 0.5 103 1 — 100
Ep[MeV]  5—6 25 x 1073 25 x 1072 =25
Eiyp eV MeV MeV

—

Etyp € Eim (electrons), L, = iy (nocleons and quarks )

Ferromagnetism or spin polarization

~» Nuclear matter calculations have shown negative re-
sults.

For recent references,
|.Bombaci et al, PLB 632(2006)638




From ferromagnetic phase to SDW phase (Magnetism)

FM at low density (Bloch, 1929) (M) = const.

|

SDW at higher densities (Overhauser, 1962) (M)=M,sinqz
Globally AFM but locally FM

Nesting mechanism

(G.J. Conduit et al.,
PRL 103(2009) 207201)

0.2 | Paramagnetic

or
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