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. Crossover at low chemical
SR 1 .
potential-<| -

Firstorder transition at moderate
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| H.phase diagram
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D. T. Son and M. Atephanoy
Phys. Rev. LetB6, 592 2001).

1. Pionsuperfluidityfor |* | a N

2. Well defined second order transition;

3. Critical point fordeconfinement

4. Massless$soldstone modewith ‘Obreaking.

2016/10/26 4



BEGCBCS crossover
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G. Sun, L. He and P. Zhuang, Phys. Rev. D 75, 096004 (2007).
1. The twacolor QCD is almost trLle same as isospin QCD;
2. Dilutediquark/pion BEC aftell—ﬁrto guark (antiquark)
BCS crossover;

3. Ford ,(|H]) dHs unpaired quark(antiquark)
components increases.
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Quarksonienatter VSjuarkyonianatter

hadronic excitation
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color singlet
P—

— deconfined quarks

1. A free quark (antiquark) fermi seal. A free quark fermi sea

with mesonicexcitations:

with baryonicexcitations

2. Can be verified in LQCD; 2. Provedin large0 limit
3. Pairing, Goldstone mode and and two-color LQCD;
gluodynamicsat larges s 3. QuarkyonicChiral Spiral.
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Large” .limit and phase diagram
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1. ! c”)ézlmll\m)\ V3 A2t davt S I\P\E/SHII?S LISY RSY
transitionsare independent of Yoelow "Y;

2. Beyonda , the isospin density is of order ;

3. Quarksoniamatter is realized only when large enough
fermi sea is established.

4. Pionsuperfluidity happens at higher temperature thany .
7
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Perturbative calculatiorst,

The perturbative form ofpion condensate
A = br|py|g| 527/ 29

The exact value oy is very important for correct results.

Consideringt— (K) # 0 , the quark propagator takes

Guu/dd (K) = ([Gl(l)ll/dd (K )] I 1+ { i ni [ng/uu] k r5 n.:;)

Gud/du(K) = iGSu/dd(K)’YSHi(K)Gdd/uu(K),
Guuyad(K) = [K £ pyo + Zuuyaa(K)]

The selfenergy should be evaluated in order to get correot.
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Exact value of

The selfenergy is quite similar with that in

v M?
Zuu/dd(K) = 'y()g“(koln k2

>
0

+i7‘(|k0|),

g = g/(3v/2m) and M? (3??/4_):115
Theeffect is modifying the definition of energy:
GEII/ﬂ'ﬂ'(K) = [r}'UkHU il k = ]V}'U]_]r

ko=ko/Z (ko) and Z(ko)=[1+ §*In (M?/k3)]
Using energy projectors to writet— = } ., Asmt. , then
the gap equation becomes

ZQ“T

ZA,,,(K Az (g+)2Tr[/\—(]<)’ri‘A+(Q)’7v]
q
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Exact value of

The gluon propagators

PU ) _pﬁ.p}
23 p'

:p_j

p
The gap equation is similar with that in color superconductivity

¢5(Q)
2 - e\12
0 [Eq( (bh)]

T P(k) ¥ P 4(q) ¥"]

Ag( P)=AAP)+Ec—

Ajj(P)z((gfj_pfpj)Af( P)_l_EC

2 T - ,
U K) =78 EO) A, (K—Q) T P(k) ¥*P_5(q) ¥"]

by (Q)
96— [, (65°))°
R. DPisarskand D. HRischkePhys. Rev. D 6074017 2000).
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Exact value of

By comparing the gap equations, we have

(5d [ 52 2 )
br=g° ’ g #)ZZ(G )tanh( )gln a |) "

€, _‘Ie‘z—g2

iy 0 7qu(q+}l E;;_ b M
=8 JozZ- ’(E*)E+ (f)h‘(|(é+)~—(fs+) |)

Then the gap wit

can be derived as

T

_ ; 44772
A =br|g| 5|purle V%, by = 256mte T

For color superconductivity, the coefficient is

|
44~

by, = 25671"¢ 8
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Puregluodynamicspproximation

For largedH s the thermodynamicpotential

has three parts: =2 T4

O=U®) - 55—+,

The pure gluon potential can be modified froelQCD

by changing T, = 270MeV to Ty = To(A/Apcp) determined
by four loop)

D) a(T)d>2+b(T)log[l 607 +80° 304,

KB
ar=soson(B)sm(})’, w00 (3’

The quark part is inspired from effective modeith
free quskquarks

a0, = -2 / s L {NEj +2TIn (1+30e 5/ 4 30e 25/T ¢ 25/T) ],
=
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Numerical results
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1. From'Y , large free fermi sea is established for large
|' |--quarksonicmatter verified;

2. From heat capacity, the main thermal excitation
IS Goldstone modes at low temperature, gluons
contribute iImmediately afterdeconfinementand
guarks domain at higher temperature.
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Strong EM field in HIC
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In LHC, magnetic field is even larger
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Inverse magnetic catalysis (LQCD)
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{(1) Ay, increaseswith | ;aroundq|s,

decreases with||;

(2)4 imonotonically decreases with B;

- (3)7 iconverges to a finite value at large enouc

B and the crossover becomes first order.
G. Bali, et al., JHEP 1202 (2012) 044;

Phys.RevD86 (2012) 071502(R);
G.9 v R NJHRP\1507 (2015) 173
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Pionsuperfluidityin magnetic field

ThelLagrangiarof Nambu-JonalLasiniomodel
L= J/(UD— my + %yors)w + G[(Julz)2 + (J/iysn.//)zl
The mean field thermodynamic potential

(m— mp)? + AZ i B e m —fysA
= Trl ;
= 4G " "( —tysA* (iGg)~! )

Can not be simply expressed by Landau levels of
u and d quarks as Is charged

GLexpansion around smabh-

== 4G 2V4TrGﬂGu il mTrG*‘IG‘u , Gyoys Gyax

= ANZ + 2 o _[iGuxn 0O 0 —iysA,
v = 0 iGilxp) J\ —iysAr 0
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Gap equations

Quark propagators in Schwinger representation:
Grlxy) = &b Hidns (x—y),

= s
Sin) = —i
i [0 16(rs)2

In order to get rid of gauge dependence,
we should introduce Wilson line t@-.

_11 st + 2 -2 —x2 B cot B’rI]Bsf

1
m+ o= (ko = ks = By((h + o) cot By + oy — )

cot B} - ylyz]

.

Then A and B can be expressed in momentsipace:

' dk
A= =-N.T —_—T
,, | @

Sf'(w,, - 1%.1()1')’555(&):7 i /'Ezi,k)f)’s

1 R £ . f A%
= ——4NCTZH:‘[ PPE ‘[ ds‘[ d{R(s,t,w,,,k){(mZ+w,2,+(?) +k§,

(1+ £(9) f4(0) + K (1- £2(9))(1- fj(t))}

The critical gagequations 5 1

nm — Iy

1
0 = 5C Y% ;dTrGf(x,y)
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Phase transition lines

The critical mass andhemical
potential both increases withd
--iInverse magnetic catalysis

de Haas vanAlphanoscillation
shows up in the critical mass

2016/10/26

18



