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Objective

o How does axial anomaly play a role in
quark many-body physics?

Does it affect the chiral transition at finite p?

= Yes in the Ginzburg-Landau analysis(1)
Does it modify the diquark phase and how?

o How to investigate?

Use an NJL model which allows a microscopic
description of quark phases on the basis of
quark degree’s of freedom(2)

(1) Yamamoto, Tachibana, Baym, Hatsuda, PRL97 (06)
2 HA, G. Baym, T. Hatsuda, N. Yamamoto, PRD&1 (10)



What does axial anomaly bring?
HA, G. Baym, T. Hatsuda, N. Yamamoto, arXiv:1003.0408
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What is the BEC-BCS crossover?
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Naive application of BCS
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Crossover observed in UCA

K40 (JILA) s Yl N/N
Relevant scales: }-0.10
T.~ 100nK 005
T~ 1pK 1o
p~ 1014cm-3
A~ 100nm L 0.05
T/Te

Note: interaction is tunable via Magnetic field!

K40: Regal et al., Nature 424, 47 (03), PRL92 (04): JILA group

Li6: Strecker et al., PRLI1 (03): Rice group; Zwierlen et al., PRL91 (03):
MIT group; Chin et al., Science 305, 1128 (04): Austrian group



In general relativistic systems?

o What is a relativistic matter?
hkp/me~X,./d (:=relativity parameter)

~10~Y in cold atom systems

~10~7 in 3He

~10~% nuclear matter (deuteron gas)
Lombardo, Nozieres, Schuck, Schulze, Sedrakian,

PRC64, 064314 (2001)
In cold quark matter with CSC

hkp/mc > 1 relativistic enough!
Nishida, Abuki, PRD72 (05): New regime “RBEC”



NJL model with axial anomaly (1)

HA, G. Baym, T. Hatsuda, N. Yamamoto, arXiv:1003.0408

o Model setup

L=g(id + py g + L H LY

- L L
(4) __ +
[£ =8 t(67) @
(4) + +
LY =2H tr(dd, +d,d,) L><L
L H L
Chiral fields: aDiquark fields:
¢” — g q. . d = gabcgi' qb ch
[ ( Ry I&?d,s) ( L)z T T gk + Lj Lk

Yamamoto, Tachibana, Baym, Hatsuda, PRL97 (06)



NJL model with axial anomaly (2)

HA, G. Baym, T. Hatsuda, N. Yamamoto, arXiv:1003.0408

o Model setup

L =q(d + pry,)g + LY + LV
o KMT term for U(1), breaking

[0 = —8K det () + h.c. d“L ’“Z
L) =K'tr(d;d ¢)+h.c. ) ; E ’

| KMT

o K responsible for ' mass decoupling
+n/3
U(l)A — Z6A (qL(R> — (_1) qL(R))



NJL model with axial anomaly (3)
HA, G. Baym, T. Hatsuda, N. Yamamoto, arXiv:1003.0408

o Favorable mean fields (condensates)
Chiral: (@;) = d,;,(0/2) (V-singlet, o+)

Diquark:(dLa]-> — _<dRa]> — (d/2) /
(for K’ >0) (V+C-singlet, o+)
Alford, Rajagopal, Wilczek, NPB99
o Spontaneous symmetry breaking in CFL
SU(3), xSU@3), xSU@3), xU(1),xZ_

— SU(3) x 7,

L+R+C



Chiral transition w/o d-o interplay

HA, G. Baym, T. Hatsuda, N. Yamamoto, arXiv:1003.0408
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Chiral transition w/o d-o interplay
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Chiral transition with d-o interplay

HA, G. Baym, T. Hatsuda, N. Yamamoto, arXiv:1003.0408

o m=0, K’=4.2K, (with interplay)
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Chiral transition with d-o interplay

HA, G. Baym, T. Hatsuda, N. Yamamoto, arXiv:1003.0408
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Chiral transition; current quark mass
HA, G. Baym, T. Hatsuda, N. Yamamoto, arXiv:1003.0408

o m = 5.5 MeV (turning on quark mass)
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Chiral transition; current quark mass

HA, G. Baym, T. Hatsuda, N. Yamamoto, arXiv:1003.0408

o m = 5.5 MeV (turning on quark mass)
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BEC-BCS crossover in the CFL?

HA, G. Baym, T. Hatsuda, N. Yamamoto, arXiv:1003.0408
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BEC-BCS crossover in the CFL?
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BEC-BCS crossover in the CFL?

HA, G. Baym, T. Hatsuda, N. Yamamoto, arXiv:1003.0408
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BEC-BCS crossover in the CFL?

HA, G. Baym, T. Hatsuda, N. Yamamoto, arXiv:1003.0408
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sover in the CFL?

. Hatsuda, N. Yamamoto, arXiv:1003.0408

p(w) MeV 7]

Development of precursory to CSC:

2-flavor case:

Kitazawa, Kunihiro, Koide, Nemoto (02)
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BEC-BCS crossover in the CFL?

HA, G. Baym, T. Hatsuda, N. Yamamoto, arXiv:1003.0408
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BEC of bound diquarks:

- I Nishida,Abuki (PRD05, NPAO7)
B E C BCS crossover in Kitazawa,Rischke,Shovkovy (08)
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BEC-BCS crossover in the CFL; Why?

HA, G. Baym, T. Hatsuda, N. Yamamoto, arXiv:1003.0408

o Effect of axial anomaly on (gg) attraction

L) =K'tr(d:d ¢ +dd ¢

KMT'
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BEC-BCS crossover in the CFL; Why?

HA, G. Baym, T. Hatsuda, N. Yamamoto, arXiv:1003.0408

o Effect of axial anomaly on (gg) attraction

L) =K'tr(d:d ¢+dd ¢

KMT'

o Neglecting fluctuation in chiral field
L9 =~/ DK "orr((d) —d;)(d, —d,))

KMT

+ (1/4)K'atr((d; +d)(d, + dL))

o KMT' term increases (gg)-attraction in the
positive parity channel

H—-H'=H+(1/4)K'lo|>H



Effect of K’ term; phase diagram
HA, G. Baym, T. Hatsuda, N. Yamamoto, arXiv:1003.0408
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Summary

o Rich phase diagram due to axial anomaly
and its coupling to chiral/diquark fields

Chiral crossover

Diquark field contributes as if it is an external
field for chiral transition

Low-T critical point indeed appears!
GL prediction: Hatsuda, Tachibana, Yamamoto, Baym (06)
BEC-BCS crossover

Chiral field behaves as if it is a mediating field
that increases (gg)-attraction

c.f. Crossover by increasing H: Nishida, Abuki (05,07)
NJL phase diagram: Kitazawa, Rischke, Shovkovy (08)
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HA, T. Hatsuda, K. Itakura, PRD 65 (02)
See 5glso M. Matsuzaki, PRD62 (00) for pair size
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NJL model with axial anomaly (4)

HA, G. Baym, T. Hatsuda, N. Yamamoto, arXiv:1003.0408

o Dirac/Mojorana mass formations

4 & {qq) (qq) I
\ (q.q> (qq) /
/ {qq) (qq) \
A — O +
H




What does axial anomaly bring?
HA, G. Baym, T. Hatsuda, N. Yamamoto, arXiv:1003.0408
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Chiral transition at 7' = 0;
a role of quark mass

-

Effect of K’ :

« weaken the chiral
transition

~

Crossover

Effect of K :

» strengthen 1st order
— chiral transition

K’/K,

Effect of m,

1~ — * helps to weken the
K’ chiral transition
0 1 2 3

K/K,



Outlook

o General Ginzburg-Landau (GL) analysis
What if m, ;< m,? Neutrality condition?

Coupling with the density
Zhang, Kunihiro, (Fukushima) (08, 09)
o Full NJL analysis
with flavor asymmetric matter with vector
interaction & KMT term & neutrality
Polyakov loop? PNJL

c.f. Fukushima, PLB04, Ratti, Thaler, Weise, PRDO06
Roessner, Ratti, Weise, PRDO07, Abuki, Ruggieri et al., PRDOS

Nucleon (b-f) formation due to diquark-quark
residual interaction

Maeda, Baym, Hatsuda, PRL103 (09)



