Nuclear Symmetry Energy in QCD
degree of freedom

Phys. Rev. C87 (2013) 015204
arXiv:1506.01447
Some preliminary results

2015 HaPhy-HIM Joint meeting

Kie Sang JEONG
Su Houng LEE

Nuclear and Hadron Theory Group

Yonsel University




Outline — 2 phases

Nuclear symmetry energy in hadronic phase

Using in-medium QCD Sum Rules
(PRL 102, 062502 Z. Xiao et al.)
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Iso-spin effect on hyperon

Symmetry energy in cold dense matter
Using thermal QCD and resummation
Considering color BCS pairing with High density effective field theory



Asymmetric nuclear matter

From equation of state « Quasi-nucleon on the

Bethe-Weisaker formula asymmetric Fermi sea

Mot = Ny + Zmy — EB/CE t

Ep=avA—asAS —ac(Z(Z —1))A~3 { Enp,1)
—asl?A+6(A Z)
I=(N-2)/A
In continuous matter
L n I 2 N EP(P: IJ
E(pn.I) = E(pN) + Esym(pN )™ + - -
I = (pn—pp)/p
1 Protons Neutrons
T _ 37, 43 .
E _m fd knd 'I‘-";E(PTT\: Pp} (Asymmetric)
1 _ _
=Eoym = 37 (E, — E,) (Up to linear density order)
RMFT propagator
1 \2 d+M* —dXx,

G(q} = —ifd‘izeiqi'(ll-'n|T[@.§‘(J§)-€;(D)]|‘I’0> = d_ M. — E(q} — (qD — Eq}{{}‘[) — ED}




——> ILi(qo.]q]) =

—

QCD Sum Rule

Correlation function

(g = [ e e (W[ Tlya)n(0)] o)
= Is(q® q - u) + y(q®, q - w)f + (g, q - u)h

Energy dispersion relation and OPE
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Contains

all possible hadronic resonance states

n() = eapeul (2)Cyup(2)| 57y do ()

loffe’s interpolating field for proton

+ polynomials

in QCD degree of freedom

Phenomenological ansatz in hadronic degree of freedom
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Equating both sides, hadronic quantum number
can be expressed in QCD degree of freedom

Weighting - Borel transformation
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OPE and Condensates

« OPE and self energies

_ . B(11, u
I =TI, + Td + T4 where  M* — B(H )y _ B
E, =%, +Z T2 (IL,) B(IL,)
« For Nucleons (proton OPE)
| 1. Leading contribution comes from chiral

B(1Ly) ’“‘W{M ) condensate and density operator

| L e 4 _
B(IL) ’“‘—{*”"'P (dd)p,r — 3 Eq (@D vac(u'u)pr Non-negligible correction comes from

spin-1 4quark operator and (Gy.iD.q),

B(IL,) ~—— (M)2(7(utu) s + (d1d),.1)
QE?; M?(4my (@) p.1 — 16(utiDou), 1 + ma(dd), — 4(d"iDod),.1)

Trace part of (71.10.9),

vanishes in mq->0 limit Only twist-2 part contributes




OPE and Condensates

« For Sigma hyperon (2" OPE)

B(Ily) ~5— 4{11'2}

Mg 2 2 3 1 i — T
B{HS]' 16 11} - F{lf :] <SSJ"P_.I —EEQI.LSS}I.QC{H Upp, 1
B(1L,,) ”1- ~(M?)(7 (ulu), 1 + (s's), 1)

~ 5os M7 (4my (au) .1 — 16{ufiDgu), 1 + m.(3s),1 — 4(s'iDys) 1)

Trace part of (V,iD.q),

Trace part of (57,iD.s),
vanishes in md->0 limit

Do not vanish -> minimal contribution
(u'iDgu), ; = (1 — (0.35)1)(258MeV) py 1

. . (s'iDos)p,1 = ~ms(58) .1 + (18MeV)pn
determines large correction 4

For Sigma hyperon, vector potential determines iso-spin
dependence



Iso-spin asymmetric condensates

Linear density approximation

bvac + (110 |n) p, + {p|(j|p}pp Vacuum condensate +
A ~ nucleon expectation value x densit
Jac + 2((n]Oln) + (p|O1p))p P y

+1((n|On) — (plO|p)Ip. Iso-spin symmetric and asymmetric part

(0),.1

[
RS

Iso-spin symmetric part

(@9) p = (@@)vac + In Pn Nucleon expectation value can be determined
2m, from nucleon sigma term
G—‘J‘L
5 & = (0.8){q ac A Pn i i
<Sq)ﬁ' (0-8){79) vac + me.qP y parameter determines hyperon sigma term
Iso-spin asymmetric part mp = A+m,By, +mgBy +mB;

. I . ) m, =A+m,B;+myB, + m;B,
([ggl), = 5((plwlp) — (pldd|p)) ms: = A myBy, +myB. - m.By

] [{IHEU +mzg ) — (my+ —I—mE-]]
)

myg- =A~+m,B; +myB, +m;By
mgo = A+ m,B; +myBs +m;B,
mg-=A+m,B, +myB; +m,B,

2mg — 2my

Can be determined from baryon octet relation
A= ((Bﬁl&'ﬂGz)p. B, = {L_“'-‘E}p- B; = (G—’d)p
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Sum rule result |

Nucleon self energies (at normal density)
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1) Total energy (black line), Effective mass (blue line), Vector self energy (red line)

2) Quite strong iso-spin dependence (Vector self energy)



Sum

rule result Il

« Sigma self energies (at normal density)
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1) Effective mass do not
strongly depend on Is

2) Total energy is quite
repulsive

1) Total energy (black line), Effective mass (blue line), Vector self energy (red line)

2) Weak iso-spin dependence



Sum rule result |

Potential
Neutron 3~

S = -300 MeV S = -107 MeV
(1=0)

V= +263 MeV V= +178 MeV

S = -270 MeV S = -107 MeV
(I=1)

V= +357 MeV V= +245 MeV

AS = +30 MeV AS = 0 MeV

(I=1) - (1=0)
AV = +94 MeV AV = +67 MeV

For neutron, S=-300+30 [z (MeV), V=263+94 |z (MeV)
For sigma-, S=-107+0 Iz (MeV), V=178+67 |z (MeV)

The ratios

If one consider phenomenological meson
exchange channel, as a optical potential,

jll.f* — J.ﬂlf - QUJ -

g

5T -

5

—> Very weak!

1;“ — gw'u.-"“ _I_ gp?__’ . .'O

Ratio for coupling can be suggested as

ng/QpN ~ 0.7
QwEf'fng ~ 0.3
gJE/!gJI‘V ~ 0.7
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. . . — — U'J‘l
Density behavior in pure neutron matter (ss), = (0-8)(qa)vac +y5—pn
e |
PHYSICAL REVIEW D 85, 034506 (2012) m (y~0.4)
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Sum rule result |V

Hyperon sigma terms for 2 + 1 quark flavors

R. H{'.II."SIC}"._J Y. Nakamura.” H. Pert.” D. Pleiter.*® P.E. L. Rakow.® G. Schierholz.®’
A. Schiller,” H. Stiiben,* F. Winter,' and J. M. Zanotti'

(QCDSF-UKQCD Collaboration)

4 - £

TABLE L. Results for the baryon octet for y¥%* """ with H = N, A, 3, E for ky =

0.12090, 0.12092.

N :"i E E
Ky = 0.12090
yUHR 0.22(9)(15) 0.80(14)(28) 1.23(20)(41) 2.14(38)(64)
o [MeV] 23(3)(4) 2003)(4) 16(3)(5)
o [MeV] 89(34)(59) 250(34)(68) 334(34)(68) 453(34)(58)
Ky = 0.12092
ylHks ) 0.79(14)(28) 1.25(20)(42) 2.30(42)(68) )
" [MeV] 31(3)(4) 24(3)(4) 21(3)(4) 16(3)(4)
o [MeV] 71(34)(59) 247(34)(69) 336(34)(69) 468(35)(59)

With small medium dependence of {ss),, ¥~ always heavier than neutron
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At extremely high density?

« QCD phase transition

T o
A

heavy ion
| eollider

In 1/u < 1/Agep region, QCD can be immediately
applicable

Statistical partition function for dense QCD
Zo = Trexp [53(_[;[ _y J\Ti)}

= /{D(ﬁelds)]exp [— /3 dr /J:SIZE(ﬁelds)]
0 .

Normal QM phase (HDL) - BCS paired phase (HDET)

« Euclidean Lagrangian for dense QCD at normal phase

1

1 . a —ara - o
JSE,' =—F* F* L (5“44“)2 + 17 (dz(sab + gfabcdufq“)??b

4 K _U.U g

?lf

+ Z [u}a V5 + U (—iv' 0, + mp)s — ppbliy — QT.—"'_:‘fA?.—";‘f}

d*Q dq w, =(2n+1)7/3  (For fermion)
/ (2m)4 - Z/ )3’ Qu = (-w,q) wp = 2n7/f3 (For boson)

Continuous energy integration -> Discrete sum over Matsubara frequency
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Hard Dense Loop

« Quark-hole excitation is dominant (Q~7 < gu)
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Gluon/Ghost contribution

n -@—e@— Quark-antiquark loop is negligible at Q~7 < gu

m -@—@— contributes to transverse mode

« Gluon self energy in cold matter (Q~7 < gu)

N
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Phys. Rev. D.53.5866 (1996) C. Manuel

Phys. Rev. D.48.1390 (1993) J. P. Blaizot and J. Y. Ollitrault All equwalent 1Pl dlagrams
should be resumed!
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Hard Dense Loop resumation

Projection along polarization

Euclidean propagator

. PL =5 — 44, Pl = P, =0
*D;_m L L 1 P ! QHQV + !

O Z ) R o | R Ao pL —g,, — Gl _pr

0z #V - QQ Ny

Longitudinal and transverse part

1 wy o [iw . %
SIIE(Q) = Z( zi‘f) (l(zq)Qo (zq)) In w->0 limit :>2-m§:92—2

™
-2 (@D (-GN G- =

Qolx) = %111 [(x4+1)/(x—1)]

= bo

Debye mass and effective Lagrangian

Effective Lagrangian for soft gluon in cold dense matter

]- y l 3 . ¢ v v /
L=—gF = SA(=Q%" +2mg Pl + O(w/q) P + -+ ) A,

Debye mass from hard(dense) quark loop -> Iso-spin dependence
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HDL resumed thermodynamic potential

« Free energy from partition function

—

(p) = (H) — fi- (N

» Relevant ring

1
) = — Vi In Zq Zg ~ Exp(Connected diagrams)

diagrams in HDL resummation

N
\/(a) %%ng?

+§k/%+

11§e@ ' o
29 f\?;% 2 3/ ~ / \ | (T~Q~gu, only gluon line is soft)

/ © \ ,4@;&/

In Zg,, ~ BV h’— Z —E} |deal quark gas

In Z 0

g.HDL —
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HDL resumed thermodynamic potential

« After regularization

L= (N2-1)pV (Qlﬂ) ég; (mj)i’ l(l B hlii) a— B+ %a] Longitudinal mode is important

2
g | 22 i ‘ R ] _ o
= gV |:a§; (fzv;d ?) [(1 —In2—1In (fzuzd ’IT_,LL_:ZI —Ina, |a—-p J a = 0.321336

anie B =—0.176945

a2 1 dQs (m?)? m? \ 1
T =(N?— 1}_8V(2m e 8 1—1In 3

2
2 2
BV Lgl (Z ﬂ) [(1 i ( 3 ”_;i?) —lnas) o - éfj‘]] a = 0.142727
| " =™ fmma ™M ' Jﬁ ) 3 — —0.200869
« Total logarithm
1 Ty g 8 4 2) g 2] Quark resummation
ImZo=pV|- Ll1-4(= S —=
nZa=F (4 f=zu:,d 2 l ( ™ ) N (3 9" ( m ) (optionally considered)

]

2
—|—(}£§ % Z P:—'; 1—111(_1'5—1]1 Z #—J;ig Al—l'lg—ﬂlllg i_
T\ ST PR A=+ 354



e(u, I5)

HDL resumed symmetry energy

Thermodynamic quantities can be obtained from Q(x)

Qp) =

pip) =

[, =P8 _gPu—rd
pB

pB(p,IB)

1 a
Esym{.”*} =

Pu+,ﬂd

2
Eﬂg{ﬂefﬁ}e
= B0, (n) — EgPY (n)

With gauge interaction, the symmetry energy

becomes even smaller

A 7 1
(H) —pi-(N) = - v In Zq.
(AA"Tz') 10
Vo BV O In Zq,
HY 1[0 1. 9
= =37 7 57 ) n2a
v vi\es 5" aE) ™

g 1 11 :
ﬁﬂd—ﬁﬂ( =3 B)

Quark matter symmetry energy

= E(it,Ip) = Eo(p, IB) + Esym (u)[5 + O(IH) + -+ -

Q(u)(GeV/F?)

R
'~.~'~::~'“s
_02 ..... N :.'5
ey n:‘.
e, ~,
-s. ~,
~~. \.
_0.4 .‘s:.\
~.’ o"
.‘Q \Q
\. \‘
_06 ‘*‘ \Q
. \‘
WoN
|deal quark gas AN
-0.8;  HDL involved ]
0.35 040 045 050 055 0.60
u(GeVv)
: —— o
25: ---------
% 20: ................. “_,.f"_
= bt T ,a“"
o - -
a L e o"’
= 15F .7 Pag
E -~
o ] _~~~ ldeal quark gas
wof el HDL (gluon) ]
S HDL (gluon+quark) 1
L 7 J
5-" . . L L . ) ) =
036 038 040 042 044 046 048 050

u(GeV)
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Color BCS paired states

- BCS Pairing locks the gapped quasi-states

4y

6E]

Normal Phase Paired Phase °

« 2 color superconductivity

T
A

[
|' / M2/ 40

Ms ~ 150 MeV
u ~ 400 MeV

heavy ion
| eollider

V M2/ — 0
hadronic —
gas \liq CFL
= -

nuclear neutron star I.l
superfluid

o IQC )'B> - A] EQB] €ab1 + Azéaﬁzéabz + A3Ea'836ab3
al’Vs b

4-Fermion interaction with opposite momenta
becomes important

In QCD, color anti-triplet gluon exchange
interaction is attractive (V<0)

In non negligible M:/u 2SC state is favored

In 2SC phase, u-d red-green states are gapped

|
e\t \ee 5 quUarks
e — d (blue)
s quarks u-d red green
u (blue) quasi-Fermi sea
is locked

Only s quarks and u-d blue quarks are liberal
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Asymmetrizing in 2SC phase

Only Blue state (1/3) can affect iso-spin asymmetry
[S—— —— [ -h_‘ *

BCS phase remains in o1 < (1/V2)A ~
[t (Phys. Rev. Lett. 9, 266 (1962) A. M. Clogston )
o0& = o2

Only u-d blue states can be asymmetrized
The other 4 gapped quasi-states are locked

Thermodynamic potential and Symmetry energy

4 28C

N.
1 o ﬁ 7 /-\‘2
V=53 ¥ G-y
fewd 8oy _.
1 1y | pad? S
pi(p) = 352 pailp) = 372 92 E of ==
Ea(M:Eunpmed{]#ﬂ+fpmui(ﬂ) S 7 Biack solid : 4200 Mev
p pred i “ 2 72 L:j”E st Black dashed : A 150 MeV
=1 Z 4 Z l ] |deal quark gas .
elpIg) = 2 i
=FE(p,13) 10 , , . . . . .
pa(pIg) B E?Sﬁ (1) = 21 dIQ E(p, Ig), 036 038 040 042 044 046 048 0350
Iy = Ip/3

H(GeV)
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Gluon rest masses from HDET (2SC)

2SC description in linear combination of Gellman matrices

Gapped and un-gapped quasi-state

| . (ai 4 N .

Vi ai = ; . V@ Uy X = Cub* + and — represents Fermi velocity
Ro= —dg+ 2L Aq =\ {4—193)-}1—1()« -iA)-i—l(A iA7)
{}_‘/;ES 3 A— a4 14— 1.4 d 4_\/,5 4 5 ) q_“@ G AT J

High Density Effective Lagrangian in Nambu-Gorkov form

half & !

. 1 ! iV - 3548 Aap B . A T‘-v-'ufﬁ4a3 0 B

L=—JFiF™ + A T x? +igAix s X
e ;A;:U [ ( Aap 1V -00ap ’ 0 WEK;

0 1 ~od#

1 _ Fod 0 -
+g* An AT ( eV D ) proy® ] +(L—R), P =g —(VHVY VIV
2up+iV.D* SAB

/ \ e ™
\ / (@) U |I\\ /';

S—— - (b)

half

ab 2 4_. —igq-T af.. 2 b =
(@) =g ‘/d ze™' 7y (T[T (=, ) J;(0,97)]|2) Only (b) shows explicit iso-spin dependence

Uy
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Gluon rest masses from HDET (2SC)

Relevant diagram

b
£aA

A .

BOO0000000 —————— 0000000000"

b
§AA

a

b

and rest masses

Transverse mode

Double line denotes propagating in Dirac sea mode

Tadpole can be obtained by calculating &4

Total counter term d11¢(0) = —4m?0,;6°"

a,b=1,2,3 a,b=4,56,7 a,b=38
Paired (A=0.1,2.3) §a = 30 € = 30% €3 = 50"
Unpaired (A=4,5) €44 =0 SVIEE L SVIEE U
a,b=1,2,3 a,b=4,56,7 a,b=28
”{ﬁﬁ{“] 0 i mlsab 2 iab
T35 (0) 0 20 X7 (17/7)8,0% | 50" X7 (up/7°)8,0%

m* = (¢*p*/?)

Only Meissner mass has iso-spin
dependence

The portion is very small : minimal
contribution for static quantities

For super-soft gluons, transverse
mode can be important

Dynamical process may strongly
depends on iso-spin asymmetry
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Stiff or Soft?

« Density behavior of symmetry energy
(PRL 102, 062502 Z. Xiao et al.)
L e e N N 4
- MDlinteraction . / Oy I o FOPI X=1 corresponds to soft
- f,rf T ¥ — i
80 - . ot _ A MDI x=1 mmetrv ener
' ! T S o MDI x=0 symmetry energy
; : f_f APR Yo _2(-'?\-;(‘! : 3L o= lQI\ID
3z S0 ; )ﬁ,_.*" i 7 - To confirm this, direct n/p ratio
= I e 1 % should be measured
= 40 - -]
LIJE : T = ‘-'*QG : 2+
200 +“;{ TR N Soft symmetry energy is needed
: N\, to keep high iso-spin densit
; %, .~ _ o keep high iso-spin density
0 I | f | I 1 | ™ R B [ T T R
0.0 1.0 2.0 3.0 4.0 5.0 : 0 0.2 0.4 0.6 0.8 1 1.2 1.4
P‘Irf’g El)mm{ AGeV)
(PRC 83, 014911 M.Ditoro et al.) ; .
L e e e L B me e e e e LA B s p sy s | 1.2 T T T T T T _ p:’r (] - X)ar Xar
g : =T 0 n
3 ; PE (=0 +x% (=05 +x
E ] B P
: Lx=10 7 a=02 — :::o
E —— i T & . . . .
; 1 ——oorip | Iso-spin density can remain in
: 1. T OPRARS high value with large iso-spin
g i asymmetry of quark phase
200 ] Persisting high iso-spin density
1§ 1 1 | —— | I— 1 1 I _._._”_._I f | | | 1 1 1 1 L Can Cause Iarge ]T_/JTJ’_
0.0 0.1 2 03 0.4 0.5 0.6 0.7 0.8 9 1.0 U-uj.l 02 03 0.4 05 0.6 07 08 09 1.0
o X
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T[MeV]

Hadron—Quark mixed phase

Iso-spin distillation and 7—/7* ratio (in agreement with Phys. Rev. D 81, 094024 (2010))

Physics Report, 410, 335 (2005) (V. Baran et al.)

s gl Symmetry Energy at -
Symmetry Energy at [Z NLPE\ quark-phase e
' hadron phase ) = s
u 60F ‘_...-l“" _______.--"'_-
]m - .-__ g . | E --..”-"------_-
v 2 [T —"Black solid : A 200 MeV
J Lj* 40r Black dashed : 4150 MeV
T =T i : Ideal quark gas
Pt | | Pushing neutron L e e
et -> Evaporation 20 fememnm =T
a - 1 1 1 . 1 . 1 . . ) ) ) ) ) )
. L e oy o i 036 038 040 042 044 046 048 050
Py (M)
H(GeV)
ol TSl Wohomey e aea, —n ] ¢ Large symmetry energy can cause iso-spin
[ evaporation
100+
wol * As nuclear symmetry energy is larger than quark
ol matter symmetry energy, iso-spin distillation can

occur at mixed phase
« At 25C, the distillation will be reduced
« Eventually, ==/=* ratio will be reduced

40

20

0
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Es) m(1)(MeV)

Nuclear Symmetry Energy in

Summary and Future goals

hadron and quark phase

120 ——

100 |
S0
60 |

40

Ot

Hadron Phase ’:'Quark Phase]
/ ]
! |BCS gapped
Syn1n1etry { (ZS(D ,f
Energy from ! 7
QCD SR ! Pl
(Kin. + Pot.) A Wod '
V4 U
;S ! Ideal quark
;& |gas '
’ S o
4 _—-—':,-
l’ P et
»* e 7
o __,,:-‘ HDL involveg
R e T PR T N
0.0 0.1 02 03 0.4 05
pr(GeV)

Kinetic part (Ideal nucleon gas)

Kinetic part (QCD SR based interaction involved)

« Transverse gluonic mode at
super-soft condition

Iso-spin dependent dynamical
process can be important probe for
quark matter symmetry energy

« Strangeness in high density

neutron star

Important quantum numbers?
-> High density behavior at hadron phase
-> Kaon production may give answer
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