Chiral inhomogeneous
phases in dense quark/
nuclear matter
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Thank you for nice

4t meeting 2007
(Martina Franca; trip to Matera)




Plan
® What is inhomogeneous chiral phase?

® generalized Ginzburg-Landau (gGL)
approach to inhomogeneous phases in
quark matter; mass vs magnetic field
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QCD phase diagram

CEP — Mei Huang’s talk

chirally symmetric
Tre>16MeV matter

Karnaukhov et al (2008)
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QCD phase diagram

CEP — Mei Huang’s talk

chirally symmetric
Tre>16MeV matter
Karnaukhov et al (2008)
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DCDWY; Chiral Spiral Phase

Nakano, Tatsumi, PRD71(2005) | 14006

(qq) ~ cos(kz)]

(qiT3Y5q) ~ Sin(kz);l




DCDW or RKC?

o(z) +im(z) = Age'??

DCDWV; Nakano, Tatsumi




Plan

® What is inhomogeneous chiral phase!?

® generalized Ginzburg-Landau (gGL)

approach to inhomogeneous phases in
quark matter; mass vs magnetic field
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Ginzburg-Landau (GL)
approach (homogeneous)

Minimal GL to describe the tricritical point (TCP)

Oy = =2a(x)% 40(X)4—|—é0(x)6

Mapping




generalized Ginzburg-
Landau (gGL) expansion

Nickel, PRLO9
mass: O(4) — O(3) isospin Abuki (2014)

Qcr, =| —ho(x)H - o(x)°

gradient terms

s = 0 : Lifshitz Point (LP)
h = a2 = aws = 0 :Tricritical Point (TCP)

For improved version of gGL— Mannarelli’s talk



Including magnetic field

New couplings: 3D rotational symmetry breaking
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Including magnetic field

New couplings: 3D rotational symmetry breaking

0?2

b-(m3Vo —oVmrs3)

“Universal” coupling

1 5)054 B NC f(e_'u/T)

8 Ou  8m2T

1 1
/Ty — = TrahD) _H
flem™7) = 5 Imy (2 Z%T)

Tatsumi, Nishiyama, Karasawa, PLB (2015)
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50 — %0 02 04 06 08 10

dilute limit

b-(m3Vo —oVmrs3)

“Universal” coupling

1 6@4 B NC f(e_'u/T)

8 Ou  8m2T

1 1
/Ty — = TrahD) M
fle 7)) = 5 Tmy) (2 Z%T)

Tatsumi, Nishiyama, Karasawa, PLB (2015)
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The fate of LTCP

i. No magnetic field:

Lifshitz TCP
& RKC phase

o = kvsn(kz, v)
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The fate of LTCP

i. No magnetic field:

Lifshitz TCP
& RKC phase

o = kvsn(kz, v)

ii. Magnetic field on:

Chiral spiral covers
the whole region
magnetically induced - S iqz
DCgDW,’ St ii‘/al y 0 +im3 = Age™
Only second order
phase transition!




Mass vs Magnetic field

00. = b (m3Vo —oVrg) — o

h :mass term




Mass vs Magnetic field

i. Only mass term on:

nearly x SR Crossover,

Lifshitz point &
RKC phase

: Lifshitz
o CP (2.28,-2.25)




Mass vs Magnetic field

nearly xSR

i. Only mass term on:

Crossover,
Lifshitz point &
RKC phase

ii. Magnetic field on:

Slha=

0.5 x 3/5

( ST 1.2Mev)

10°T

101"

— 0.24MeV
[ — 2.4MeV

1013"

" «— 24MeV



Mass vs Magnetic field

i. Only mass term on:

nearly xSR

Crossover,
Lifshitz point &
RKC phase

Slha=

10°T

101"

ii. Magnetic field on:

5.0 X 3/5

( ST 12Mev)

— 0.24MeV
[ — 2.4MeV

1013"

" «— 24MeV



Mass vs Magnetic field

i. Only mass term on:

nearly xSR

Crossover,
Lifshitz point &
RKC phase

ii. Magnetic field on:

10°T < 0.24MeV
10T — 2.4MeV
1013T — 24MeV




Plan

® What is inhomogeneous chiral phase!?

® generalized Ginzburg-Landau (gGL)
approach to inhomogeneous phases in
quark matter; mass vs magnetic field
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QCD phase diagram

chirally symmetric
matter




Parity doublet model

DeTar, Kunihiro, PRD39 (1989)
Jido, Oka, Hosaka, PTP106 (2001)

® Regards negative parity N"(1535) as a chiral
partner to positive parity N(939)

® Introduce two nucleon fields (W1, U2) and define
chiral transformation (mirror assignment)

B B . : L s & S ), 5 ghe
Ve . s ¥ i - -l i IR, 2, 48 - 2 . r -
’ - - - A 5 C - -, - ‘ L Sy - - - " * &
.l, - '. a7 -. LS ‘.' " rd ) .. '-. ..} i ,::. : r ¥ . -.-- _' _: u.: - Ty x,‘ .q. - s b Fa ¥ \}. &




Baryon bilinear

DeTar, Kunihiro, PRD39 (1989)
Jido, Oka, Hosaka, PTP106 (2001)

® Baryon part

£Bar = Z \Ij Za_l_ ,54 gwfy,uw'u)\j[j




m[MeV] ) )
(mirror asignment)

® Baryon part

o — Z /g (@@ + 4 20 40 60 30 dieal

i=1,2

S. Gallas, F. Giacosa, arXiv:1308.4817 [hep-ph]

— 1Vi(o +ivsm - T)¥1 — goUs(o — iysm - 7)o

—mo(Vays ¥y — U195 72)
® VEV of sigma, responsible for mass difference

1

m4 = 5 [\/(91 - 92)200 S 4:77%02 == \92 o 91|Uo]




Meson Part

Motohiro, Kim, Harada, PRC92 (2015)

m? 1
EMes :7“’(*)“&)“ — Zwuyww/ HLS in the unitary gauge
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Parameter fixing

® Parameters:{gi,92, il, gu, N\, Ag} and my
v Vacuum properties: 0o = fr= 93 MeV,
+=939 MeV, m- = 1535 MeV
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nheutron
matter

Paramet

symmetric
matter

® Parameters: {91, g2, /i,

v Vacuum properties: (i

\curvature K
m+ = 939 MeV, m—= VIE V

v Matter properties: nop = 0.16 fm 3,

By = m+— po =16 MeV, K = 240 MeV

€ K
It — o N B
— —my TS (n —ngp)* +

c.f.ISGMR experiment: K=240 +10 MeV: Li, Garg, et al., PRC8I (2010)



nheutron

7.00 5.97 matter
13.5 12.4
5.66 3.52 symmetric

320 114 matter

23.2 4.47 |

8.94 0.644
al — B,

m+ = 939 MeV, m—= VIE V

L

curvature K

v Matter properties: nop = 0.16 fm 3,

By = m+— po =16 MeV, K = 240 MeV

€ K
P Jrel — — B |
o 1812

(n_n0)2_|_...

c.f.ISGMR experiment: K=240 +10 MeV: Li, Garg, et al., PRC8I (2010)



extended DCDVWY ansatz

Takeda, Abuki, Harada, PRD97 (2018)
(o) =|ogcos(2fz)

-+ 00 |shife
shifted DCDW

<7T> e O-O Sln(zfz) standard DCDWV ansatz
® Solving nucleon eigenstates in the presence of
perlodlc otentlal (BdG Dlrac hamlltonlan)

;‘ -.iﬂ ’-.




Phases with varying my

Takeda, Abuki, Harada, PRD97 (2018)

|

Liquid nucleons

sDCDW

1000 1100 1200
Ug [MeV]




Phases with varying my

Takeda, Abuki, Harada, PRD97 (2018)

sDCDW

1000 1100
Ug [MeV]




Takeda, Abuki, Harada, PRD97 (2018)

| I |
1

mp=800 [MeV]

50 =0 i=-e
00 #0 —

o
T

space average of (o)

Liquid nucleons | vg=2f~ 500 MeV

1 1

A~ 2.5 fm

My=800 [MeV] v density jump @
NM — DCDW
4.7 no = 4.8 no

1000 1100 weak first order
g [MeV] ( )




Takeda, Abuki, Harada, PRD97 (2018)

| I |
1

mp=800 [MéeV]

50 =0 i=-e
00 #0 —

o
T

)
0'(77,()) =1-— N ng ~~ 70%

70 mz f3 :
80% in experiment: 5 vq = zf ~ 500 MeV
Suzuki et al., PRL92 (2004) :

space average of (o)

A\~ 2.5 tm

mp=800 [MeV] v density jump @

NM — DCDW
4.7 no = 4.8 no

1000 1100 weak first order
g [MeV] ( )




sDCDW phase 7

Takeda, Abuki, Harada, PRD97 (2018)

onset
Liquid nucleons

sDCDW

900 1000 1100
Ug [MeV]




sDCDW phase 7

Takeda, Abuki, Harada, PRD97 (2018)

onset
Liquid nucleons

sDCDW

900 1000 1100
Ug [MeV]




sDCDW phase 7

Takeda, Abuki, Harada, PRD97 (2018)

Liquid nucleons

sDCDW

1000 1100
Ug [MeV]




o

Takeda, Abuki, Harada, PRD97 (2018)

my=700 [MeV] sDCDWV phase
50 =0 —--

v no LG phase transition

v oder parameter

(o) = ogcos(2fz) + do
00 = 50 ~ 70 MeV > oy

o)

mo=700 [MeV] .- \‘Shifted DCDW

3G =0 =-a
00 #(0 —

v g~ 150 — 200 MeV
i

950 1000 1050 1100 1150
ug [MeV] >\ o 6 — 8 fm




o

Takeda, Abuki, Harada, PRD97 (2018)

my=700 [MeV] I sDCDWV phase
5 =0 —.-

v no LG phase transition

v oder parameter

(o) = ogcos(2fz) + do

00 = 50 ~ 70 MeV > oy

o)

mo=700 [MeV] .- \‘Shifted DCDW

3G =0 =-a
00 #(0 —

DCDWV - v q ~ 150 — 200 MeV
| C———
950 L%O?MeV] 1050 1100 1150 >\ = 6 Bk 8 fm




Summary
(Magnetic field in quark based model)

® Studied the response of TCP against m,;and B
within a generalized GL approach

® Magnetic field favors DCDWV phase (spiral)

. k-4 5 o N =l p . X "': K ,' » . : 5 The :_‘. n { a - '_: ] X N .'_ ;._- : . ' .-‘.
-  (INUcCcIeoN=Meson nased nmoaet! anoroacn)




Backup slides




bottom-up approach:
DCDWV in nuclear matter?

e f = g2
“q/2 ~ 400 MeV
(A ~ 1.5fm)

2.4ng — 10.4ng

homogeneous

Lyar = V127,0* ¥ + Vary, 0T, eLSM

= %‘1’1(0 T 1Y5T 77)‘1’1 = %‘1’2(0 = Z’75T37f)\112

~ 9w 117w U1 — g Uory,w ¥ fo(500) as a

— G,X(az’)%\:[]l — 61’75\:[}2) . second scalar




Diverse mo (@ vacuum

value of mo Inputs (model) Refs

LSM

270 MeV I'n* - = 75 MeV |lido, Oka, Hosaka, PTP106
(2001)

460 MeV I'N*— aN = 67.5 MeV |LsM w vector meson

o
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—900[MeV] -

M|—O[MeV]

Chiral symmetric

" Gas and Chiral broken “. Liquidand .
Chiral broken X

K L l

my=500[MeV]
u=0[MeV]

Chiral symmetric

L| Uld and
Chlral brogen

Gas and Chiral broken

200 400 600 800 1000 1200 1400 1600
ugMeV]

Motohiro, Kim, Harada, PRC92 (2015)

v smaller the chiral
invariant mass, smaller
the critical density for
the chiral phase
transition




T (MeV)

‘ o
) ~| PRI 09 PRDOS
o(z) = vgsn(qz,v)
100 100
80 | TCP _ 80 | \\ LP: Lifshitz point.
60 | [ P | |
1st order line S >0 [ G(Z) J
40 | = 40 | / -
0 - - - . ' 0
240 260 280 300 320 340 360 | __ 2dMessteiE0 7o 360
1MEY)  pupuamomst™F e (M)
v =1 - . vy = 0.1




gGL with magnetic field

® How does quark propagator modify!?

|. Strong Magnetic Field (LLL approximation)

. g
—i5(po, P, PL) = 2e 9B




| +1dim. NJL/GN model

M. Thies, |. Phys. A2006

0 = (pp) = cos(2uz)A

T = (Piysp) = sin(2uz)A o = (pp) = Vvgsn(qz,v)

Chiral Spiral ] Real Kink Crystal
08 Gross-Neveu model

massless




Remark
Spiral being always disfavored against RKC in 3D

Boehmer, Thies, Urlichs, PRD75 (2007)

A(z) =0(z) +in(z)

Q e )
e f\A(Z)P i gglm [A™AT]

L J

#r o0 ) e P B ST A 1 i A S Dy Sy LT TN -
p e — N | L vy AU S NIl § 3 L ¥ (LRSS - et
= k - e CAN P s =oT} O AR o 4 . - ML

\ A il

. 4 £ - - ¢ 4 < s A4 F S
y e iy . v e o dugp L D bt s $ et i 5 Yo o i (1 ',' » oll)
. bt fia he ,‘_ = - )u. s T o A oS _. L - | o PR . ... _ ", 5 e o S £ 4‘ A ~/ « ,’_‘ - . . s 2
—_— :_'. '.:,.n," .":- RV - N l.' T Ay "' - TS = LT P |."‘.x o YA L !-\. 4 | i S AN R 24 [ | RN A N | L4
@ . | - ¥
i

(1% m (4" — 3ja128)87)




reduced gGL potential

Nickel, PRLO9
@84 QY .
(lg. = —ho 2202 | 44 (04—|—(V0)2) Abuki (2014)
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Ansatz for |D crystal

M. Thies, J. Phys. A2006
D. Nickel, PRLO9, PRD09

Saddle point equation (EL) equarion: H. Abuki, PLB (2014)

hi= .02+ 040° + 020

+ioW — 2(5%6" + 0(0')?) — Layo”

2




b = 0:no magnetic case

(1) CP (2.28,-2.25)
coincides with
Lifshitz point

f
()
>
‘0
N
3
: O
EU

LCP = Lifshitz CP

(2) RKC stabilized:

Two critical lines
enclosing RKC are

both of 2" order




Profile of RKC phase




Profile of RKC phase

ap [ h4/5 ]

Smoothly interpolating!



{kink-antikink pair

tiny ripple on
homogeneous condensate

ap [ h4/5 ]

Smoothly interpolating!



gGL with magnetic field

® Rewrite 6th gGL @ m=0 in the O(4) invariant
form. With 4-vector ¢=(x1, w2, 73, 0)

Qo = — ¢+ (6*+(V9)")
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When may crystals develop?

iChiral Phase|  FFLO Cr)ggi':""e
order density (qq) (P19) (qaqB)

non-ordering q q) e A
density S s e Ll

for CSC and CSC crystals, see Alford, Schmitt, Rajagopal, Schafer, RMP 80 (2008)
Casalbuoni, Mannarelli, Ruggieri et al.,, RMP86 (2014)



PS with a microscale spatial order

c.f. for explicit demonstration, see Carignano, Buballa, Nickel 2010

<q q > [ \ Real Kink Crystal

>/

ordering density
versus

Periodically placed normal phase domains
accommodating for a large g-gbar imbalance




FFLO @ weak coupling

population |mbalance
driven FFLO

A #£ 0
Ny—N, = 0

TCP g (.70

Superfluid \ A

N T N !

FFLO
A #£ 0

N T — N ! 7é 0 \\

0.2

Chevy & Mora, Rep. Prog. Phys. 73 (2010) 112401: Ultra-cold polarized Fermi Gases



a2, a4in NJL model: How
do they map onto (u,1")?




a2, a4in NJL model: How
do they map onto (u,1")?

o axis points into ay >0 along the line cie=0
o2 axis points into a2 >0 along the line cy=0




Effect of current mass: my

0 = —ho : External field : O(4) — O(3)=SU(2) isospin




@Single Defect Onset




In other Systems!?

Normal *He /*He
Superfluid

SHe/*He

=3
—_—
O
—
2
©
£
O
S

/ avo prase egc/né/
PAA IS
Ly

0.50

3 :
He concentration x

http://www.cresst.de/refrigerators.php


http://www.cresst.de/refrigerators.php
http://www.cresst.de/refrigerators.php

Unitary Fermi Supersolid?

Bulgac & Forbes, RRL (2008)
Hohenberg-Kohn-Sham DFT solved
with DVR (discrete variable representation)

_ P(:“T? /Ll)
Po(p1)

~ 3.1 (& = 0.42(1))

see also: Yoshida & Yip (2007)
MF Bogoliubov-deGennes (B-dG) equation i
solved with an ansatz for pair potential z/lo |= minority




Including magnetic field

New couplings: 3D rotational symmetry breaking

0?2

Feynman graph contributing to new deriv. coupling
o T3

~is(p) = Lt

(p+p)?

_|_

Tatsumi, Nishiyama, Karasawa, PLB (2015)



Thank you for nice
workshop every 2 yrs
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(Martina Franca, trip to Matera)



